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Cover: The campus of the Geophysical Laboratory and the Department of

Terrestrial Magnetism (DTM), on Broad Branch Road in northwestern

Washington, D.C, October 1991. The two departments became co-located at

this site, the former campus of DTM, in May 1990.

In the foreground, at right, is the former DTM main building, now
refurbished to provide administrative, library, and meeting space for both

departments. Behind it is the principal research building. The complex at left

is marked by the metal sphere atop the old Van de Graaff accelerator. Behind

it is the old cyclotron building, which now houses the geochemistry

laboratories. The low building in front contains offices and shops.
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President's Commentary



Barbara McClintock, 1902-1992



The most promising words ever written

on the maps of human knowledge are terra

incognita—unknown territory.

Daniel J. Boorstin

A Personal Note to the Reader

The Discoverers (1983)

Discoveries/' writes Daniel J. Boorstin in his epic history of

the opening of physical and intellectual frontiers,

"become episodes of biography." The title of his book, The

Discoverers, likewise stresses the achievements of individuals

in the exploration of our planet, and in yielding an ability to

understand nature. Boorstin's focus on the talented individual

echoes Andrew Carnegie's instruction in founding the

Carnegie Institution: to seek out and support the exceptional

person. It's an instruction we still take seriously.

Boorstin finds, however, that he cannot write many of his

biographies without referring to "a few crucial inventions/'

Invention of the clock was necessary for the evolution of the

concept of time. The compass was required for the great

voyages that mapped the planet. These voyages depended on
the design of reliable ships, like Henry the Navigator's

caravel, which could travel across great seas and return.

Astronomical observation and all it could teach were limited

before the availability of telescopes. Similarly, only a small

part of the living world was apparent before the use of

microscopes. And none of the new discoveries could have

been widely disseminated, thereby encouraging further
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exploration and discovery, without movable type and the

printing press—inventions which allowed maps and pictures

as well as books to circulate broadly.

The same is true for the Carnegie Institution. Innovative

research, regardless of how talented the scientist, depends on
instrumentation. Each new landmark in our comprehension of

the natural world is a collaboration between an individual and
an instrument. An exception to this statement might have been

made for theoretical investigations a decade or so ago. Now,
however, most theoretical science itself depends on computers.

The reports in Carnegie Year Books generally emphasize

new concepts and new knowledge. Occasionally they report

how a research program is approached, usually to describe the

kind of data needed to establish a particular fact or to validate

a theoretical construction. The instruments required to obtain

the data are rarely described. Among those exceptions are

unique instruments such as telescopes, or the diamond-anvil

high-pressure cell, which has allowed spectacular recent work
at the Geophysical Laboratory. Another is the steady flow of

newly designed seismographs that have emerged over several

decades from the Department of Terrestrial Magnetism.

Yet, modern science, like its historical antecedents, is driven

by innovative instrumentation, inventions that can provide

data that were previously unobtainable at all or at the level of

sensitivity or precision needed to establish new facts. In turn,

scientific advances often permit the design and construction of

new instrumentation. There is a loop between discovery and
invention, each catalyzing the other. The current abundance of

research opportunities in so many fields reflects past progress

in fundamental science and ensuing developments in

instrumentation.

Instrument design and construction, more than many
scientific and technical enterprises, is multidisciplinary The
biologist usually depends on physicists, chemists, computer

specialists, and engineers to accomplish the design and

construction of instruments that would otherwise remain

simply attractive ideas. An exception was the development

several decades ago of the French Press, by the then director of

the Department of Plant Biology, Stacy French, a devoted

instrument builder. The French Press is used to this day in

many biology laboratories for breaking apart cells in a manner
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that leaves the intracellular structures intact.

But if instrument makers are rare among biologists, the

talents, training, and skills of physical scientists such as

astronomers and earth scientists often enable these

investigators, with the aid of good machinists, themselves to

design and construct the instruments they imagine. Thus,

while some of the instruments obtained by Carnegie scientists

in the past few years have been purchased off the shelf, others

have been "home grown/' usually with the essential help of

skilled machinists, engineers, and electronics and computer

specialists of the departmental staffs. But whether purchased

or home grown, these highly specialized devices have one

thing in common: they are expensive to acquire, operate, and
maintain.

The Cost of Instrumentation

The cost of new instrumentation has been, and will

continue to be, a major financial challenge to the Carnegie

Institution and to all institutions dedicated to vigorous

research. The Ten-Year Financial Summary on page 166 of this

Year Book shows the magnitude of our equipment

expenditures for the last three years. Although such

expenditures were not explicitly stated in the past, current

accounting procedures require their separate reporting and

capitalization. The Institution's investment in currently usable

scientific equipment is stated as an asset on page 170. The total

investment over our 90-year history must be many times this

$8 million sum, which excludes telescopes. Given the pace of

scientific and technical developments, we can be certain that

we will continue to need substantial sums for future

instrumentation if we are to maintain the excellence and

originality of Carnegie research.

Despite the central importance of instrumentation, the

Institution rarely budgets its endowment income for this

purpose. Those monies, stretched to the limit, are committed

to support people and to provide for ongoing programs and
infrastructure. Private grants from individuals including

trustees, and from foundations, often matched by federal

grants, are the primary source of funds for major equipment.

There are, throughout this Year Book and its predecessors,
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many examples of research that depended on special

instrumentation. Understanding of the research results is

enriched by an appreciation of them.

Genetic Research

When I was a postdoctoral fellow in the late 1950's, my
research was part of the beginning of nucleic acid

biochemistry. Parenthetically, I made extensive use of the

French Press. Laboriously, we synthesized DNA and RNA
molecules only three or four nucleotides long, and even more
laboriously, we determined the sequence of nucleotide bases

in molecules of similar length. As recently as the mid-1 970' s,

two colleagues and I spent two years determining the

sequence of base pairs in a segment of DNA 172 nucleotides

long. Now, thanks to new methods and two kinds of

automated machines, DNA molecules 50 nucleotides long are

readily synthesized, and the sequence of nucleotide bases in

DNA segments that are hundreds of nucleotides long can be

determined in a few hours.

With the aid of such commercially available machines, the

cloning and sequencing of a gene is not, as it was even as

recently as the early 1980's, a lengthy or laborious task.

Moreover, it is relatively straightforward to synthesize an

altered gene containing a specific mutation. This then allows

correlation between a change in the structure of the protein

encoded by the gene and the effect of the change within a cell

or organism. These technical advances account, in a major

way, for the enormously increased pace at which the structure

and function of genes can now be established. Research in

Carnegie's Departments of Embryology and Plant Biology

depend heavily on these advances, as is evident in the reports

in this Year Book.

Equally important to biological research at the two
departments is analysis of the structure of enzymes and other

proteins. For these tasks too, two kinds of automated

machines are available—one that determines the sequence of

amino acids in a protein and one that synthesizes polypeptide

portions of proteins.

The Department of Embryology has acquired DNA and
protein synthesizers and DNA- and protein-sequencing



PRESIDENT'S COMMENTARY

machines. All are run as a service for the members of the

Department. The four machines along with some ancillary

equipment were purchased between 1987 and 1990 for a total

of about $500,000. Approximately $180,000 is spent each year

for maintenance, chemical supplies, and the skilled technicians

who run the machines.

The Department of Plant Biology also owns a

DNA-synthesizing machine, but it carries out DNA
sequencing by "manual methods" and it purchases protein

sequencing and peptide synthesis from a facility owned and
operated by Stanford University at a cost of up to $20,000 a

year. Should the Department increase its work at the

molecular level, this figure would certainly increase.

Astronomy

The aim of modern telescopes is to collect light from

increasingly distant and thus increasingly ancient objects in

the universe. Earlier in this century, photographic plates

collected the light; the efficiency was such that less than one

percent of the incident light was recorded. In recent years,

with the development and application of charge-coupled

devices (so-called CCD's), up to 90 percent of incident light is

captured, and over broad regions of the spectrum. In a sense,

this means that the 200-inch Hale Telescope at Palomar has

become the equivalent of a 2000-inch telescope. However, the

small size of the first available CCD's meant that only a small

patch of sky could be studied at one time. More recently,

larger-format CCD's became available. One of these was used

by Alan Dressier in the construction of COSMIC, a new camera

designed for use at the prime focus of the Hale Telescope and

as a prototype for instruments to be constructed for the future

6.5-meter telescope at Carnegie's Las Campanas Observatory.

To see the new camera at the prime focus, I made the trip up
the huge Palomar dome while a rare southern California

blizzard covered the outside of the dome with snow.

COSMIC cost about $500,000 to design and build. The project

fulfilled part of our responsibility under our agreement with

the California Institute of Technology providing Carnegie

astronomers 25 percent of the observing time on the Hale

Telescope. Half the funds for COSMIC were provided by a



Installing COSMIC at the prime-focus of the Hale
Telescope. ©ANAND 1992.

generous grant from the

Kresge Foundation and

the other half by private

grants from trustees and

others and by institutional

funds. The Kresge

Foundation grant

required, in addition to

the matching funds for

construction, the

establishment of a $1

million endowment fund

to provide for future

improvement, updating,

and eventual replacement

of COSMIC. Success in

raising this endowment
depended on the

generosity of the trustees,

and is being counted

toward the goal of our

current Capital Campaign.

The very first use of the endowment's proceeds will go toward

enhancement of COSMIC by adding a spectroscopic capability

and the capacity to obtain and store data on tens of objects in a

single observation.

Thus a telescope, like a new house, is a beginning,

something to last a long, long time, constantly to be

refurnished and refurbished to adapt to new technology and

new research. In the July 17, 1992 issue of Science magazine,

devoted to "innovation," the very first instrument described

was the "Fruit and Fiber" system that Stephen Shectman

developed for the du Pont Telescope at Las Campanas. The
"fruit" refers to the CCD detector called "2D-Frutti," and the

"fiber" refers to the optical fibers that lead from the back of the

telescope to the slit of a spectrograph, thence to the detector.

With this device, Shectman gets not only the equivalent of a

larger telescope but also the equivalent of a hundred
telescopes. Rather than recording light from a single galaxy at

a time, one hundred fibers collect the light from a hundred
galaxies. In eight nights at Las Campanas, more spectra, and
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thus more redshifts, can be recorded than the total number of

redshifts measured in the 50 years spanning the middle of our

century. Of the funds needed to design and build "Fruit and

Fiber," 70 percent were from our own institutional monies and

30 percent from National Science Foundation grants. Similarly,

the Institution laid out the funds for the infrared camera

system designed and built by Eric Persson for use at Las

Campanas, though eventually the National Science

Foundation provided 50 percent.

Another exciting example of how newly available CCD's
extend the capabilities of older telescopes is the discovery of

"Einstein rings," the result of gravitational lensing by clusters

of galaxies situated along our line of sight to more-distant

galaxies, a story told by Jerome Kristian in this Year Book.

Although still being investigated, adaptive optics—a means
for correcting ground-based telescope images for atmospheric

turbulence—will likely be of major importance in the future.

The basic concepts were introduced decades ago, and Horace

Babcock of the Observatories was one of the earliest pioneers.

Now, Ray Weymann and his collaborators, along with

In Stephen Shectman's "Fruit and Fiber" system, optical fibers are inserted in holes in an
aluminum "plug plate" (above). Each fiber carries light from a single galaxy to a

spectrograph, where a two-dimensional photon counter records the light's spectrum. In

this way, over a hundred different spectra can be recorded in a single observing run.
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astronomers worldwide, are developing adaptive optics

systems based on advances in electro-optical devices and
computing, as well as on Department of Defense technology

recently declassified. Even the 60-inch telescope on Mount
Wilson, completed in 1908, has been recruited into this work.

Newly developed instrumentation renews and extends the

capabilities of existing great telescopes. But the urge to

understand the structure and early history of the universe also

demands investments in new telescopes, such as the

6.5-meter-aperture telescope presently planned for Las

Campanas in our joint effort with the University of Arizona,

the Magellan Project. The University's Mirror Lab under Roger

Angel has now proven its revolutionary spin-casting

technique, having produced five mirror blanks, including one

of 6.5-meter diameter; the Magellan mirror is next on the

schedule. Moreover, the Mirror Lab's unique stressed-lap

polishing procedure has also proved extraordinarily rapid and

precise. Carnegie astronomers now are highly confident that

the Magellan Project can be completed within the next five

years. This confidence is symbolized by the Magellan site

preparation already begun on Manqui peak by the Las

Campanas staff. The trustees have demonstrated their

confidence and enthusiasm by their major support, as has the

Ambrose Monell Foundation of New York.

We cannot foresee all that will be accomplished with the

future telescope. We cannot predict what kinds of instruments

will collect the light reflected by its great mirror. But history

does reassure us that the Magellan mirror will for many
decades, even a century or more, collect useful light from the

edges of the universe.

Research at High Pressure

One morning not long ago I met David Mao and Russell

Hemley of the Geophysical Laboratory on the air shuttle to

New York. Instead of carrying briefcases like most of the

shuttle's travelers, they carried scientific equipment. These

two scientists have been studying the properties of hydrogen

at very high pressures, as described in previous Year Books

and other publications. Very high pressures are generated

within a transparent, diamond-anvil cell. Above a pressure of



Ten tons of glass were loaded into the 6.5-meter mirror mold at the University of

Arizona's Mirror Lab during March 1992. The glass was then heated slowly and
rotated at 7 rpm for several days to produce the mirror's desired concave shape.

A second 6.5-meter mirror, scheduled for casting in 1993, will become the primary

mirror of the future Magellan telescope.

150 gigapascals,* elemental hydrogen takes on properties that

are associated with the process of metallization. But is metallic

hydrogen really being formed?

Analysis of the absorption and reflection of light from the

mid- to far-infrared part of the spectrum would help to resolve

this critical question. However, standard laboratory infrared

light sources are not bright enough to give reliable

observations of events inside the diamond cell. Hemley and
Mao therefore developed completely new techniques, making
use of synchrotron radiation, which is 1000 to 10,000 times

brighter than standard sources. To obtain a synchrotron light

source, they, along with a diamond-anvil cell, travel to the

National Synchrotron Light Source at Brookhaven, on Long
Island, which is why I met them on the air shuttle.

To achieve their aims, the Geophysical Laboratory

scientists, in collaboration with people from the Brookhaven

facility and the Grumman Corporation, have built a unique set

of instruments for infrared analysis. These instruments will be

applicable to the study not only of hydrogen but also of a wide
variety of other materials. Seed money was provided by
Institutional funds. Additional funds came from the National

*150 GPa = 1.5 megabars, or 1.5 million times atmospheric pressure at sea level.
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Science Foundation grants establishing the Center for High
Pressure Research at the Geophysical Laboratory and from

NASA. Some portions of the needed instruments were

purchased, while others were designed and built by the

scientists and the skilled staff in the shops at Broad Branch

Road. Approximately $100,000 worth of equipment was
purchased for this work, and another $72,000 worth of existing

equipment at the Geophysical Laboratory was taken,

temporarily, to Brookhaven.

Fortunately for us, the use of the National Synchrotron

Light Source at Brookhaven is free, and several hundred

thousands of dollars worth of necessary equipment are

available there. However, the future of the Brookhaven

resource is uncertain. It may be closed or deemphasized in a

few years, when a new and more energetic synchrotron

source, the Advanced Photon Source, opens at the Argonne
National Laboratory, Illinois. A consortium of earth scientists

from many institutions has been established to assure access to

the new facility. The Institution, through the Geophysical

Laboratory, is a member of this consortium, called GEOCARS.

And Charles Prewitt, director of the Geophysical Laboratory,

is a member of the Board of Governors of the parent

consortium called CARS (for Consortium of Advanced
Radiation Sources). The general plan is for GEOCARS to apply

to the National Science Foundation for funds to assure that the

new synchrotron source is appropriately fitted with

instruments for earth science research. Individual members of

CARS are expected to provide matching funds if they are to

obtain consistent and sufficient access to the Advanced Photon

Source. It is unthinkable that the Carnegie scientists who have

pioneered this work should fail to have assured access. We
estimate that we should make an investment of, ideally,

between 3 and 5 million dollars if the high-pressure work for

which the Geophysical Laboratory is so well-known is to

proceed.

The situation is analogous to the problem of access to

telescopes, a problem which the Institution has always

resolved by providing its own, thereby guaranteeing the

unique quality of Carnegie astronomical research. Our earth

scientists will sacrifice a substantial portion of the

independence we consider fundamental if they are simply
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among those noncontributors who compete for the NSF's

portion of the time at the new Advanced Photon Source.

Mass Spectrometers

A mass spectrometer measures the mass of a charged

particle, be it an atom, a molecule, or a fragment of a molecule.

Thus, two different isotopes of a chemical element can be

distinguished, as can two molecules even if they differ by only

a single atom. Moreover, the amount of material required for

such analyses is as small as a billionth or even a trillionth of a

gram. Mixtures of different particles can be sorted out into

constituent parts that differ by their mass, and the relative

amount of each particle of a particular mass can be

determined.

Mass spectrometers have wide applicability and are used at

the Departments of Terrestrial Magnetism and Plant Biology

and at the Geophysical Laboratory. At all three departments,

the main application is to measure the abundance of different

stable isotopes in samples of, for example, atmospheric gases,

rocks, and ancient bones and teeth.

At the Department of Terrestrial Magnetism, there are four

mass spectrometers, three of them homemade, and they are at

the core of the work in geochronology and geochemistry. The
purchased machine cost about $300,000, while the homemade
versions were built for about half that amount not counting

the cost of maintaining excellent equipment and technicians in

our shops. The design and construction of these machines

represent a great chapter in the history of the Department. The
commercial machine has the advantage that it can measure

five different isotopes simultaneously, and is completely

automatic. Reliable measurements can be made even on an

element that is present at one part in a trillion.

Four additional mass spectrometers are at work at the

Geophysical Laboratory, where they are the fundamental tool

for the biogeochemistry group. The Department of Plant

Biology does not now own its own instrument, a situation that

is increasingly frustrating as work expands on the

contributions of green plants to atmospheric gases—studies

that are relevant to urgent questions about the global

environment.



Postdoctoral fellow Jeffrey Silfer loads the Geophysical Laboratory's newest mass
spectrometer, which is faster and at least an order-of-magnitude more sensitive than

older machines. The instrument contains its own chromatographic system, which
separates different compounds and subsequently measures each component's

isotopes automatically in a couple of hours.

Conclusion

We all recognize that the human species is distinctive

because of the competencies inherent in the human brain.

Seldom do we realize explicitly that those competencies

include the ability to extend the physical capacity of the

human body by the invention of instruments. Biological

evolution provided our species with the capacity to use

language and think, but failed to provide eyes, ears, noses,

hands, or legs that could accomplish all that the brain can

conceive. Invention resolves the disparity. Ships, trains,

automobiles, and airplanes take us where our legs and arms
cannot. Telescopes, microscopes, spectrographs,

spectrophotometers, and seismographs enable us to see what
our eyes alone cannot. Cameras, and now charge-coupled

devices, enable us to record permanently what would
otherwise be only fleeting images and imperfect memory.
Mass spectrometers enable us to "see" molecules and isotopes.

Radiation sources and suitable detection devices reveal atoms

and the parts of atoms.

The interplay between exceptional individuals and
exceptional instruments extends our senses and yields a

limitless voyage of discovery.
—Maxine Singer

November 1992
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Losses, Gains, Honors. .

.

Barbara McClintock, distinguished service member of the

Institution and former staff member at the Department of

Genetics, died September 2, 1992, after a brief illness. She was 90

years old.

McClintock came to Carnegie's Department of Genetics in Cold

Spring Harbor, New York, in 1942, and, despite her official

retirement in 1967, continued her research there, supported by the

Institution, until her death.

Her discovery of transposable, or movable, genetic elements in

the 1940's and 1950' s earned for her a long series of awards,

including a Nobel Prize in Physiology or Medicine in 1983. Her
dedication to her work, her originality, and her piercing intelligence

earned for her, as well, a reputation as a scientist of integrity and
courage.

On hearing of McClintock' s death, Carnegie president Maxine
Singer, herself a foremost geneticist whose research has been

directly influenced by McClintock' s, made the following statement:

She lived an extraordinary 90 years. The science of

genetics developed and flourished during this same
period. Her discoveries were central and critical for

this great scientific achievement. And her life and way
of "doing" science embodied the aspirations of our

institution. We have been honored to count her as our

friend and colleague and will miss her sharp wit and
wisdom.

Malcolm Nobs, retired staff member at the

Department of Plant Biology, died on September 4,

1992, at the age of 75. Nobs joined the Department in

1930, and after earning his A.B. and Ph.D., became a

staff member in 1957. Nobs studied the evolution,

genetics, and population ecology of selected plant

species, and was a recognized expert in the genetic

crossing between C3 and C4 plants. He worked
closely with William Hiesey, William Keck, and Jens

Clausen on the now-classic studies of adaptation of

plants to contrasting environments. Nobs retired in

1982 but remained active at the Department until his

death.

Liselotte Beach, a data analyst at the Department
of Terrestrial Magnetism (1944-1975), died on
February 26, 1992.

Robert Kreidler, former vice president of the Malcolm Nobs
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Carnegie Institution (1980-1982), died on August 30, 1992 at the age

of 63.

Irwin Konigsberg, former staff member at the Department of

Embryology (1961-1966), died in 1991.

Melvin Johnson, retired optician at the Observatories

(1949-1977), died on February 24, 1992.

Alvin Van Valkenburg, a former guest investigator at the

Geophysical Laboratory (1975-1980) and co-inventor of the

diamond-anvil cell, died on December 5, 1991.

Lord Ashby of Brandon, a former trustee of the Institution

(1967-1974), died on October 22, 1992.

Lavonne Lela, librarian, retired June 30, 1992, after seven years

with the Geophysical Laboratory and joint DTM-Geophysical
Laboratory library.

David Ratliff, Jr., maintenance technician at the Geophysical

Laboratory since 1971, retired December 15, 1991.

John Jacobs, electronics technician at the Observatories since

1986, retired June 30, 1992.

Steven McKnight, postdoctoral fellow, staff associate, and, since

1984, staff member at the Department of Embryology, left in

September 1992 to become research director at Tularik Inc., in San

Francisco.

Caryl P. Haskins was designated trustee emeritus after stepping

down from the board of trustees this year. A former president of the

Institution and a trustee since 1949, Haskins remains an active and

valued friend of the Institution.

Gains

Sean C. Solomon was appointed director of

the Department of Terrestrial Magnetism,

effective in September 1992.

A former professor at the Massachusetts

Institute of Technology, Solomon focuses his

research on the interiors of the Earth and other

planets, working extensively with

seismological evidence. He had served at MIT
for most of his career. In 1971, he received his

Ph.D. there, then served as a National Science

Foundation Postdoctoral Fellow (1971-1972).

He became assistant professor in 1972,

associate professor in 1977, and professor in

1983. Sean C. Solomon
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Solomon is a member of the Lunar and Planetary Science

Council of the Universities Space Research Association, a past

member of numerous committees at several government agencies,

the National Research Council, and the American Geophysical

Union, and former president of the Planetology Section at AGU. He
was chair of the Standing Committee for the Global Seismic

Network of the Incorporated Research Institutions for Seismology

(IRIS), 1988-1990. At DTM, he succeeds George Wetherill, who
served as director until June 1991, and Louis Brown, who served as

acting director from July 1991 until September 1992.

David Greenewalt, William R. Hearst III, and Richard Meserve
were elected to the board of trustees in May 1992, and Thomas

N. Urban, trustee since 1986, was elected chairman.

David Greenewalt, the son of trustee emeritus Crawford
Greenwait and his wife, Margaretta Greenewalt, has been a

geophysicist/ oceanographer at the U.S. Naval Research

Laboratory (NRL) since 1966. Greenewalt received his Ph.D. from

the Massachusetts Institute of Technology, and served there as

instructor and lecturer until joining NRL.
William R. Hearst III is the publisher of the San Francisco

Examiner, a newspaper first published by his grandfather, William

Randolph Hearst, in 1887. Hearst joined the Hearst Corporation

after graduating from Harvard University (with a degree in

mathematics). He worked first as a reporter on the paper, then

assistant city editor. In 1982 he became vice president of Hearst

Cable Communications and, in 1984, was named publisher of the

Examiner.

Richard A. Meserve is a partner with the Washington, D.C. law
firm of Covington & Burling. His practice involves legal issues as

they relate to science and technology. Previously, he was legal

counsel, Office of Science and Technology Policy, Executive Office

of the President (1977-1981). He earlier served as law clerk to

Justice Harry A. Blackmun of the U.S. Supreme Court, and to Judge
Benjamin Kaplan of the Massachusetts Supreme Court. He earned

his law degree in 1975 from Harvard Law School, where he served

as editor of the Harvard Law Review. He received a Ph.D. in

applied physics from Stanford University in 1976.

Susanne Garvey joined the Institution as director of institutional

and external affairs in July 1992. Previously, she was director of

development at the National Society of Professional Engineers,

Washington, D.C, where she conducted successful fund-raising

ventures, including MATHCOUNTS, a math coaching and



18 CARNEGIE INSTITUTION

competition program for 7th and 8th graders at some 8,000 schools

nationwide. Her predecessor at Carnegie, Anne Keatley Solomon,

left to accompany her husband, Richard, to the Republic of the

Philippines, where he now serves as U.S. ambassador.

Ines Cifuentes, a postdoctoral fellow at the Department of

Terrestrial Magnetism until April 1992, is coordinating a program of

the Institution, supported by a grant from the Howard Hughes
Medical Institute, to develop a teacher-training program to improve
elementary science teaching in Washington, D.C. public schools.

Honors

Steven McKnight of the Department of Embryology was elected

to the National Academy of Sciences in May 1992.

George Wetherill of the Department of Terrestrial Magnetism
received the Harry H. Hess Medal of the American Geophysical

Union in December 1991. Wetherill was honored for his pioneering

developments in both radiometric geochronology and theoretical

studies of solar system formation. Wetherill was a Distinguished

Visitor Lecturer in planetary science at the Massachusetts Institute

of Technology in April 1992.

Ray Weymann of the Observatories received the NASA
Exceptional Scientific Achievement Medal in March 1992.

Horace Babcock, emeritus member of the Observatories,

received the 1992 George Ellery Hale Prize of the American

Astronomical Society for outstanding contributions in solar

astronomy

Nina Fedoroff of the Department of Embryology was honored

as an outstanding woman in science by the New York Academy of

Sciences in March 1992.

Vera Rubin of the Department of Terrestrial Magnetism
delivered the Commonwealth Lectures at the University of

Massachusetts, the Yunker Lectures at Oregon State University, and

the Kenneth Sturm Memorial Lectures at Wesleyan University, and

participated in the Distinguished Lecturer Series at the University

of Maryland. She was elected to the board of directors of the

Astronomical Society of the Pacific.

Department of Embryology director Donald Brown was elected

president of the American Society for Cell Biology. He received an

Honorary D.Sc. from the University of Cincinnati in June 1992, and

he delivered the Harry Steenbock Lectures in the Life Sciences at

the University of Wisconsin at Madison.

The Educational Press Association awarded Robert Hazen of

the Geophysical Laboratory a Distinguished Achievement Award
for his February 25, 1991 Newsweek editorial ("Why My Kids Hate
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Science"). The Association later named the editorial the year's best

educational editorial.

An article appearing in the September 6, 1991 issue of Science,

"Synchrotron x-ray diffraction from a microscopic single crystal

under pressure," a collaborative effort of Larry Finger, Dave Mao,
and Jingzhu Hu of the Geophysical Laboratory and several Naval

Research Laboratory researchers, was selected as one of the winners

of the NRL's Alan Berman Research Publication Awards for 1991.

Allan Sandage of the Observatories was the Jansky Lecture

speaker in Charlottesville, Virginia, and in Socorro, New Mexico, in

November 1991.

Department of Embryology staff associate Nipam Patel received

a 1992 McKnight Scholars Award, and a FIRST Award for young
investigators from the National Institutes of Health.

Department of Embryology staff associate Catherine Thompson
received a 1992 John Merck Scholar Award and an American Cancer

Society Junior Faculty Research Award.

Observatories postdoctoral fellow Megan Donahue received a

special commendation from the committee for the Annie Jump
Cannon Award.

Postdoctoral fellow Steven R. Majewski of the Observatories

received a 1992 Hubble Fellowhip.

A symposium in honor of Elburt Osborn, former staff member
at the Geophysical Laboratory (1938-1945, 1973-1977), was held at

Pennsylvania State University on October 5, 1991.

Former Geophysical Laboratory fellow Yi-Gang Zhang received

the Ho de Feng Medal of the Mineralogical, Penological, and
Geochemical Association of China.

Trustee Philip Abelson received the 1992 Public Welfare Medal
on April 25 from the National Academy of Sciences. The award is

given for lifetime achievement in a scientific field that contributes

to the public good.

John Diebold received an honorary doctorate in engineering

from Lehigh University in May 1992.

James Ebert was awarded an honorary doctor of science by
Duke University.

William Golden was elected vice president of the American

Philosophical Society.

Antonia Ax:son Johnson received the Order of Merit of the

Republic of Poland in May.

William R. Hewlett was inducted into the National Inventors

Hall of Fame.

Charles Townes was made Officer of the Legion d'Honneur by
President Mitterand of France on February 20, 1992.

Carnegie president Maxine Singer received the National Medal
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of Science on June 22, 1992. She received honorary degrees from

George Washington University, New York University, and Lehigh

University She presented the 1992 Ullyot Public Affairs Lecture at

the Philadelphia College of Pharmacy and Science on September 17,

1992, and the David Shemin Memorial Lecture at Northwestern

University on October 15. In April 1992, she was the Mary Aldridge

Lecturer at the American University



The Observatories



Eusebio Araya, mountain superintendent of Las Campanas
Observatory, surveying at the site of the future 6.5-meter telescope.



The Director's Introduction

The Carnegie Institution's stated purpose of encouraging

"investigation, research and discovery, and the application of

knowledge to the improvement of mankind'' binds together two
ideas that, at least since the beginning of the last century, have,

more often than not, seemed to many to be in conflict. Some see, on
the one hand, that the pursuit of knowledge for its own sake is the

chief glory of human intellectual life, while others maintain that

knowledge is to be valued only if it contributes to human
well-being. Astronomers are among those who, having usually

given very little consideration to the matter, discover that they have

bet their lives on the unfashionable proposition that Knowledge is

its own End.

Today that proposition is under vigorous attack within the

universities, in the foundations, and in the Congress. Very real

concerns about seemingly intractable social problems, together with

equally serious fears of a decline in industrial competitiveness, are

causing those who control resources to question the claims for

support put forward by, in particular, the physical sciences. And, in

truth, any purely utilitarian defense of the claims for support of

astronomical research is bound to be weak, both in comparison to

the defenses that can be offered by the other sciences, and in

comparison with counterclaims based on social need.

Increasingly, in the prevailing climate, support for astronomical

research is likely to rest in the hands of those who, like astronomers

themselves, happen to feel some spiritual kinship with the

23
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acquaintance imagined by Robert Frost in his poem "New
Hampshire,"

...a man who, failing as a farmer

burned down his farmhouse for the fire insurance

and spent the proceeds on a telescope

to satisfy a life-long curiosity....

Perhaps astronomers, in times like these, can best fulfill their

obligation to the improvement of mankind by steadily affirming,

against those who wish man's concern to be confined to man, that

there are many other things of interest in the world. It is as splendid

examples of such affirmation that I invite you to read the

accompanying essays by my colleagues Jerome Kristian and Mario

Mateo.
—Leonard Searle

Gravitational Lenses

by Jerome Kristian

The 1980's saw the creation, almost from scratch, of a new field

of observational astronomy—gravitational lens astronomy.

This is but one of a remarkable number of exotic new topics that

have enriched astronomy since mid-century—the cosmic

background radiation, quasars, pulsars, black holes, and x-ray and

gamma ray sources, for example—and like most of

them, it began with an accidental discovery, and
depended on new observing tools and the opening

of new wavelength regions.

Gravitational lens astronomy began in 1979,

when radio astronomer Dennis Walsh and his

colleagues, in the course of compiling a catalog of

radio sources and identifying their visible

counterparts, found a close pair of very blue objects

near a radio source. (A picture of the objects is

shown in Figure 3, which we will come back to a

little later.) Walsh, Bob Carswell, and Carnegie staff

member Ray Weymann (then at the University of

Arizona) proceeded to take optical spectra of the Jerome Kristian

two objects. The spectra showed not only that they were

both quasars, which was itself very exciting, but that they had

identical spectra, which was astounding. The astronomers

suggested that they might be seeing not two distinct quasars, but

rather two images of a single quasar, produced by the gravitational
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field of an unseen intervening galaxy. Optical and radio

astronomers around the world immediately turned their

instruments to the object, to begin an intensive study which
continues to this day. The suggestion soon proved to be correct, and
marked the beginning of a substantial astronomical industry.

Following this discovery, prescient but long-forgotten papers

were resurrected from the archives, and a history was
reconstructed. Before discussing the explosion of the subject after

1979, let us digress to review this history. It provides a useful way
to understand how gravitational lenses work, and is an interesting

example of the sporadic nature of progress in astronomy.

"Gravitational lens" has come to mean the multiple or distorted

image of a distant quasar or galaxy produced by the bending of

light in the gravitational field of an intervening massive object, such

as a galaxy, a galaxy cluster, or a black hole.

A lens of any kind works by bending light rays, which normally

move in straight lines. Consider an ordinary glass lens, in a pair of

eyeglasses, for example, or in a refracting telescope. The basic fact

which makes it work is that a light ray bends when it passes

between air and a glass surface. By properly shaping the surfaces of

the lenses in a telescope, you can bring all the light rays which fall

on it to the same point, the focus. In a pair of eyeglasses, the

surfaces of the lenses are shaped in such a way as to distort light

rays to compensate for distortions produced in the eye of the

wearer. The general principle that focusing or distorting images

requires the deflection of light rays holds not only for lenses in their

everyday sense, nor indeed only for light rays. For example,

"lenses" can be made from mirrors (as in all modern large optical

telescopes), air, magnetic fields, or chicken wire, and can be used to

focus light, sound, elementary particles, or radio waves. In the case

of gravitational lenses, the bending is done by gravitational fields.

Although the subject has antecedents going back several

hundred years, modern discussion of gravitational lenses began in

1916, in a paper by Albert Einstein. On the basis of his new theory

of gravitation, the General Theory of Relativity, Einstein predicted

that strong gravitational fields would bend light rays. He calculated

that the light from a distant star passing near the edge of the Sun
would undergo a deflection of just under two seconds of arc

(1/1000 of the diameter of the Sun, or about the size of a dime
viewed from a distance of a mile and a half). The general principle

is illustrated in Figure 1

.

This prediction was one of Einstein's three "fundamental tests"

of General Relativity. (The others were a long-known but

unexplained anomaly in the motion of the planet Mercury, and the

reddening of light coming from a strong gravitational field, which



GRAVITATIONAL DEFLECTION BY THE SUN

Fig. 1. Gravitational bending of light rays by the Sun, illustrated in this

schematic diagram, greatly out of proportion, showing the effect of the Sun
on light from a background star. In the absence of deflection, an observer on
the Earth's equator would see the star directly overhead (upper panel).

Because of deflection by the Sun (lower panel), the light ray from the star

which the observer would otherwise have seen (lower line) never reaches

the observer, but actually strikes a point on the Earth almost 800 miles to

the south. What the observer on the equator does see is shown by the upper
light ray, which starts out from the star in a direction toward the north of

the observer's position, but is bent toward him/her by the Sun. The star

will appear to lie in the direction shown by the arrow.

was not convincingly demonstrated until some years later.) Because

of the practical observational difficulties in seeing stars in the bright

glare from the Sun, the prediction could only be tested during a

solar eclipse, when the Moon blocks the light from the Sun. Even

then, it was and is a difficult observation, but strenuous efforts

were made to carry it out during a Southern Hemisphere eclipse in

1919. The results attracted considerable scientific and popular

attention, and their agreement with the prediction was a triumph of

the General Theory. These measurements were the observational

forebear of the discovery by Walsh and his colleagues exactly sixty

years later.

Except for additional eclipse studies, which continued at least

into the 1950's (but have since been far surpassed in accuracy by
studies using interplanetary space probes and radio measurements
of quasars), the subject of gravitational lensing, as it has

ungrammatically but conveniently come to be called, moved into

the realm of theoretical speculation. Soon after the eclipse results, a

number of people discussed lensing by stars; i.e., instead of the Sun
acting as a lens for a distant star behind it, they discussed the case
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of a distant star acting as a lens for an even more distant star. As
early as 1919, lensing by stars was discussed by Oliver Lodge, and

E.B. Frost is said to have proposed (but not carried out) a program
to search among the stars for lens effects. In 1924, the Russian

astronomer Chwolson published a brief qualitative discussion of

stars as lenses. He pointed out that in this case, two images of a

background star could be produced, with the light from the

background star coming around opposite sides of the lens star. Or
even more exotically, if the background star, the lens star, and the

observer were all in a straight line, the background star could

produce a ring around the lens. All of these discussions concerned

stars, because at the time the very existence of external galaxies was
not yet established, and the actual enormous size of the universe

was not understood until well into the 1930's.

The subject of lenses arose again briefly after the appearance of

a short paper by Einstein in 1936, where he again discussed lensing

by stars; he rederived Chwolson' s results, of which he was
apparently unaware, and added an important new result—the

possibility that the background object can be made brighter by the

focusing action of the lens. In contrast to Chwolson, he considered

the subject quantitatively, and concluded that the effects for stars

were too small to be observable.

The arena shifted into deep space the following year, in a paper

by Fritz Zwicky, stimulated in large part by Einstein's paper.

Zwicky considered lensing by distant galaxies, rather than by
(relatively) nearby stars, and came to the conclusion, some forty

years ahead of his time, that "extragalactic nebulae [i.e., distant

galaxies] offer a much better chance than stars for the observation

of gravitational lens effects," and that lensing would be useful as a

tool for investigating the masses of galaxies, a problem which "at

present has arrived at a stalemate." The latter comment today, 55

years later, still has more truth than is comfortable.

The next flurry of (still theoretical) activity occurred in the

mid-1960's upon the publication of several papers, most notably by

the Norwegian astronomer Sjur Refsdal, who worked through

many of the details of lensing by stars and by galaxies. Refsdal also

considered the case where the background object as well as the lens

is a galaxy, in which case its image can be considerably distorted. In

the early 1970's, a group at the University of Oklahoma published a

series of papers introducing more-complex and more-realistic

galaxy models, including the case of images seen through the lens

galaxy. Lensing by galaxies has a much richer variety of effects than

lensing by stars, because the distribution of the lensing mass in a

galaxy (in other words, the shape of the lens) is more complex, and

because galaxies are for the most part transparent, so that



GRAVITATIONAL IMAGING BY A GALAXY

LENS GALAXY

VIEW FROM THE EARTH

Fig. 2. A theoretical calculation of gravitational lensing by a galaxy. The upper
panel shows the paths of three light rays from a background quasar which reach

the observer on the Earth, and the lower panel shows the observer's view of the

lens system. In this sample case, one of many possible, the observer sees three

images of the background quasar, two on one side of the galaxy center, and one

on the other. The asterisk in the lower panel shows the position where the quasar

would be seen if the lens galaxy weren't there, and the three filled circles show
the images actually seen. The brightness of the images is proportional to the size

of the circles; the two brighter images are several times brighter than the

unlensed quasar would be, while the image closest to the galaxy center is

considerably fainter. This is typical of multiply imaged quasars. This case is

similar to the first gravitational lens discovered (Fig. 3).

background images can be seen through them.* Figure 2 shows a

sample theoretical prediction of lensing by a galaxy.

By this time, the basic features of lenses had been discussed,

and a realistic theoretical framework had been constructed for the

interpretation of observational data, although none existed. A few

foresighted astronomers considered some of the possible

consequences for observations through the 1960's and 70'
's, but the

subject remained a toy of the theoreticians until Walsh, Carswell,

and Weymann burst on the scene.

The lens galaxy itself, unseen by Walsh et ah, was soon found

independently by Alan Stockton at the University of Hawaii, and
by a group at the then Mount Wilson and Palomar Observatories,

led by Peter Young and including Carnegie astronomer Jerome

*Except for whatever dust and gas it may contain, a galaxy intercepts a negligible

fraction of the light passing through it, because the sizes of the stars composing it are

much tinier than the distances between them. This explains why we can see the rest of

the universe, except along a relatively narrow band of dust and gas (the Milky Way)
which lie in the central plane of our own Galaxy (The reason that a photograph of a

distant galaxy looks solid is that the images of its individual stars are so spread out by
the Earth's atmosphere and by our observing instruments that they completely overlap.)
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Fig. 3. The first gravitational lens discovered— the "double quasar" Q0957+561. The
two panels on the left are from data taken on the 200-inch Hale Telescope in 1979 with

a CCD detector which was a prototype for those then being developed for the Hubble
Space Telescope. The panel on the right is from data taken with the Space Telescope

itself, in 1991. The pair of quasar images, which were discovered by Walsh, Carswell,

and Weymann in 1979 to have identical spectra, can be seen in the box in the center of

the upper 200-inch panel; they are separated by 6 seconds of arc.

The lensing galaxy can be seen in the lower panel, which shows the same field to a

much fainter level. The lens is the oval object centered near the lower of the two
quasar images; the quasar light is completely swamped by the faint outer regions of

the lens galaxy. This panel also shows a number of galaxies in an associated rich

galaxy cluster, which also contributes to the lensing. The redshift (a measure of

distance) of the background quasar is 1.4, and the redshift of the lens galaxy and
cluster is 0.4.

The Space Telescope panel shows a small area around the quasar images. In spite

of the well-publicized flaw in the telescope mirror, which produces the halos and the

spoke-like structure around the quasar images, the core of the lens galaxy can be seen

clearly separated for the first time, just above and slightly to the left of the lower

quasar image. This lens looks rather like the theoretical model shown in Figure 2.

Note that the third quasar image predicted by the theory is too faint to be seen here.
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Fig. 4. The second known gravitational lens,

PG1115+080, "the triple quasar." The panels

show the slow but steady progress of the

observations. The top panel is an early CCD
image showing three close images, earlier

discovered by Weymann et al. to have identical

spectra. On the basis of this data and theoretical

gravitational lens models, it was predicted that

the brightest image was really two images too

close together to be resolved, and that the lens

galaxy was located in the middle of the group
of images.

The center panel, taken five years later in

Hawaii during much better conditions of

seeing, shows the predicted lens galaxy in the

center, and an elongation of the bright image
due to its double nature. In spite of the superior

seeing, the images still show considerable

overlap.

The bottom panel, taken with the Hubble
Space Telescope, shows all four images and the

lens galaxy cleanly separated for the first time.

The fifth image predicted by theory is too faint

to be seen here. (Resolution given in sec. Center

panel, courtesy of Carol Christian.)
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Hubble Space

Telescope

0.1 sec

Kristian. Using a new, experimental detector being developed for

use in the Hubble Space Telescope, the Mount Wilson-Palomar

group obtained what were at that time probably the deepest

astronomical pictures ever taken. They showed not only the lens

galaxy, but also a rich cluster of other galaxies at the same redshift

as the lens (Fig. 3). They also showed that the observed

configuration could be explained by a model which included not

only lensing by the nearby galaxy, but an additional substantial

effect by the galaxy cluster. At the same time, radio astronomers

began to examine the object in exquisite detail, and theoreticians

began to construct models to explain what proved a very complex

system. The work on this first lens is still vigorous, and new
features in it are still being found. In addition to the two point

quasar images, the radio data show a variety of distorted images of

extended source structure.

With this long history, the question comes to mind: why did it

take so long to find lenses? One part of the answer, of course, is that

sketching the history of a subject as we have done here may give a

false impression of continuity, of a thin but continuous thread

stretching over decades. The reality is rather different, where
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isolated predictions surface and then, in the absence of data to

sustain them, disappear, essentially unknown to later generations

of scientists. But the main part of the answer has to do with

advances in our knowledge and tools. The first lenses found were
produced by galaxies acting on quasars, which themselves were not

discovered until 1963. The lens discovery was made using the

techniques of radio astronomy, then in its infancy, and getting the

data needed to confirm the discovery was possible only because of

recent advances in radio and optical detectors and instrumentation.

The discovery of the first lens was soon followed by discovery

of a second (Fig. 4). This system consisted of not two, but three

images having identical spectra; hence its popular name, the triple

quasar. The Mount Wilson-Palomar group proposed, on the basis

of their CCD data and theoretical models, that the system actually

had not three, but five images, two of them so close together as to

appear to merge into a single object, and one too faint to be seen in

the available pictures. These predictions were confirmed from the

ground in a series of observational tours de force by French and
American astronomers in Hawaii and Arizona, and recently in

much more detail by Hubble Space Telescope observations.

The first gravitational lenses having been discovered by
accident, intensive searches for more were started by a number of

groups of radio and optical astronomers, with good success. With

incomplete data, it is hard to say in the early stages of observation

exactly what constitutes an assured detection of a gravitational lens

(as opposed, for example, to a pair of quasars having similar

spectra). Still, by the early 1990's, about ten fairly certain cases of

multiple imaging of quasars were known, along with at least as

many other good prospects, and still more possibles.

Multiple, distorted, and amplified images having been found,

the remaining unobserved major feature of the theories, dating back

to Chwolson and Einstein, was the case of rings resulting from

perfect alignment of source, lens, and observer. This phenomenon
was observed a few years later, again by accident, again made
possible by advances in instrumentation. In 1985 and 1986, Roger

Lynds and Vahe Petrosian in the United States, and independently,

G. Soucail and her colleagues in France, discovered the first rings in

deep CCD images of clusters of galaxies. A decade earlier, using a

video imaging technology, Lynds, Petrosian, and Carnegie

astronomer Allan Sandage had seen some peculiar features in a

number of galaxy clusters. Re-observed with the newly available

CCD detectors, these were revealed as "arcs"—long, thin images

which form parts of perfect circles (Fig. 5). Spectroscopy of one of

them showed that it was in fact the vastly distorted image of a

background galaxy located twice as far away as the cluster: it was



Fig. 5. An Einstein ring in a

cluster of galaxies. The picture is

of a rich cluster of galaxies at a

redshift of 0.33 (a distance of

some 6 billion light years). Most
of the images in the figure are

galaxies in the cluster. The
bright, thin arc near the center is

a portion of an Einstein

ring—the extremely distorted

and magnified image of a

background galaxy far beyond
the cluster, caused by the

gravitational lens effect of the

cluster. (Figure, courtesy of

Roger Lynds, National Optical

Astronomy Observatories.)

in fact part of an Einstein ring formed by lensing of the background

galaxy by the cluster. A few years later, a more-complete ring was
found in the radio image of a multiply imaged quasar. As of

mid-1992, arcs have been found in more than a dozen galaxy

clusters, and complete rings in at least five radio quasars. In

addition, a circle has recently been closed, in a sense, by Gary

Bernstein's discovery of an arc near the first known lens, the

"double quasar" Q0957+561.

Finally, recent observations take us all the way back to the

earliest discussions of lensing by stars. After the discovery of

lensing by galaxies it was realized that under the proper conditions

individual stars in the lens galaxy could cause brief brightening of

the images of the background quasar, as they move across the

quasar's light paths. Such "microlensing" events, as they have

come to be called, may already have been observed.

Why are gravitational lenses interesting? The subject is

gradually maturing from the early stage of excitement and delight

at their discovery, to the stage of detailed investigation, and now to

the use of lenses as tools to investigate other astronomical

problems. The number and distribution of lensed systems provide
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important information on the distribution of galaxies, quasars, and
mass in the universe. The appearance of a particular lens system to

us here on Earth depends on a number of things, among them the

distance to the lens, the mass and mass distribution in the lens

(including any possible unseen "dark" or "missing" matter), and
the distance, brightness, and shape of the background source. All of

these, as it happens, are central to unsolved problems currently of

great interest in astronomy and cosmology; lenses potentially offer

entirely new methods to help in solving them.

A good example is the possible use of gravitational lenses to

determine the Hubble Constant, the basic coefficient of distance in

the universe (and a measure of its age). The problem of measuring
distances to astronomical objects is fundamental, and becomes
more difficult the farther the object. Relative distances are often

more easily found than absolute distances. For example, it is

generally conceded, following the pioneering work by Carnegie

astronomer Edwin Hubble in the 1920's and 1930's, that the relative

distances of galaxies, galaxy clusters, and quasars are given by their

recessional velocities, or redshifts, which are fairly easy to measure
quite accurately. The absolute distance to a single distant galaxy,

however, is very difficult to determine, and is currently found by a

chain of measurements where a particular class of objects is used to

calibrate a brighter class, which can be seen to greater distances,

and so on. Uncertainties exist at each stage, and these accumulate

as we move farther out in space. At present, there is a lively

discussion in the astronomical community about the results of this

process, so that cosmological distance estimates vary by a factor of

two or more, and prospects of an immediate universally acceptable

resolution are nil.

Gravitational lenses offer the possibility of an elegant,

Alexandrian solution to this Gordian problem. The geometry of a

lens system such as that illustrated in Figure 2 is very simple: the

light rays of the images trace out a few triangles, whose shapes are

determined by the redshifts (i.e., relative distances) of the lens and
the source, but whose dimensions are unknown. Knowing the

dimensions of one such lens system would directly give a value for

the Hubble Constant.

It turns out that this can in principle be done. Since the lengths

of the light paths of the three images are slightly different, a sudden
increase in the intrinsic brightness of the source quasar would be
observed on Earth in the three images at slightly different times.

The time differences, combined with knowledge of the speed of

light, leads directly to a determination of the dimensions of the

light paths, and so to the Hubble Constant, completely bypassing

the traditional methods of distance determination.
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Since quasars in general are indeed known to vary in

brightness, there is a real hope of applying this technique. It has

already been tentatively applied to the case of Q0957+561, the first

known lens. Careful monitoring has shown brightness changes of

the two images which indicate a time delay of from 1 to 1.5 years

between them. Although the system is more complex than the

simple picture in Figure 2, and although the physical properties of

the lens are poorly known, the observations suggest a value for the

Hubble Constant which falls within the range determined by
traditional methods. This agreement, although still rough, is a

major contribution of gravitational lens observations to cosmology.

The approximate agreement between the age of the universe

deduced from traditional Hubble Constant measurements and the

ages of the oldest stars in our own Galaxy has for many years been

one of the strong observational supports for the Big Bang theory,

primarily because these two methods are entirely independent of

one another. The gravitational lens result, because of its

independence from the other two, offers substantial additional

support to the theory.

At the moment, it is hard to predict the future course of

gravitational lens research. The first high hopes for immediate

results, based on oversimplified models, have run into the

complexities of nature as she is, but this is the normal course in a

new field. Steady progress is being made, sometimes in unforeseen

directions, owing to the ingenuity of theorists and the perseverance

and skill of the observers. There is no doubt that gravitational

lenses are a welcome and valuable new tool for astronomy.

Huntingfor Dark Matter
by Mario Mateo

"Well! I've often seen a cat without a grin," thought

Alice; "but a grin without a cat! It's the most curious

thing I ever saw in my life!"

Alice's Adventures in Wonderland

Lewis Carroll (1865)

Soon after Edwin Hubble used the Mount Wilson 100-inch

telescope to establish definitively that galaxies are distant

stellar systems, Fritz Zwicky noted in 1933 that the relative

velocities of galaxies in the nearby, rich cluster in the constellation

Coma Berenices are so large that the cluster must be rapidly

disintegrating. This implied that the rich cluster must be



OBSERVATORIES 35

short-lived, and that it is only by chance that the galaxies happen to

be close together today To Zwicky, this conclusion seemed too

coincidental to be true; instead he suggested that the cluster is in

fact stable and must therefore contain far more matter than can be

accounted for from a census of its visible galaxies.

Ever since Zwicky's fundamental study, the problem of

"dark matter"—material that is invisible but exerts a

measurable gravitational force—has posed one of the most
persistent, pervasive, and fundamentally important

challenges to modern astrophysics. The ultimate

identification of dark matter has important implications for

such diverse fields in astrophysics as stellar evolution,

galactic dynamics, cosmology, and the evolution of

large-scale structure, as well as particle physics.

A wide assortment of modern observations have

confirmed Zwicky's bold conclusion that—like the

Cheshire Cat in Wonderland—most of the universe is

invisible. Optical, x-ray, and radio observations of galaxy

clusters and groups consistently demonstrate that they

contain large amounts of dark matter extending over millions

of light years. On smaller scales, optical and radio studies of the

rotational velocities of individual galaxies—work pioneered by

Vera Rubin and Kent Ford of the Department of Terrestrial

Magnetism—have demonstrated the presence of massive dark

halos stretching well beyond the optically visible boundaries of the

galaxies. Closer to home, studies of the motions of stars away from

the disk of the Milky Way suggest that only as little as half of the

matter near the Sun can be accounted for in the visible stars, gas,

and dust, although the issue is still being debated vigorously.

Nevertheless, these sorts of studies have led to the widely accepted

conclusion that the universe is indeed a very dark place: at least ten

times more material exists as dark matter than as luminous material

Not surprisingly, this conclusion has spawned much
speculation as to the nature of the building blocks of dark matter.

Perhaps the universe contains many very-low-mass stars or planets;

such objects would be difficult to detect from their radiation

because they are intrinsically so faint. But they would have to be

extremely numerous to account for all the dark matter inferred

from the kinematic studies. Alternatively, dark matter might consist

of black holes formed during the evolution of the first generation of

stars in the young universe. Another possibility is that the dark

matter is composed of special kinds of subatomic particles. But

although physicists have cleverly invented many possibilities to

account for the apparent dark matter content of the universe, by
definition these particles are very difficult to detect, and indeed,

Mario Mateo
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none have been identified experimentally. Some researchers have

even speculated that there is no dark matter at all, but rather that

the law of gravity differs systematically on large spatial scales from

what we know it to be at the scale of the solar system.

There are two practical approaches that can be pursued to pin

down the nature of dark matter. First, it would be of great

importance to understand how dark matter is distributed at the

smallest spatial scales. High-velocity subatomic particles such as

neutrinos will spread out over a large volume simply because they

travel great distances before interacting with other particles. If dark

matter consists of massive black holes, its effects should

occasionally be visible on very small scales.* Searches for dark

matter therefore need to be conducted in systems spanning a large

range of spatial scales; this would also help constrain proposed

modified theories of gravity. A second approach to detecting dark

matter is the most obvious: devise a way to observe its interaction

with luminous material directly! Though easier said than done,

such an approach is possible, perhaps even practical. During the

past few years at the Observatories, I have been involved with

projects taking both approaches; in this essay, I shall describe these

efforts and some of the results that have emerged.

Dark Matter in Dwarf Galaxies

Dwarf galaxies are particularly useful for dark matter searches

for a number of reasons. First, they are by far the most common
sorts of galaxies in the universe; many examples are located

relatively nearby and can be studied in detail. Second, they are

structurally simple objects so that it is relatively easy to understand

and model their kinematic properties. Finally, dwarf galaxies, by
definition, are faint; consequently, they provide ideal hunting

grounds for dark matter because there is so little visible material to

contend with. They are also much smaller than typical galaxies in

which dark matter halos have been detected, and thus they offer the

means to study the distribution of dark matter on smaller spatial

scales.

One particularly suitable type of dwarf galaxy for dark matter

searches is the dwarf spheroidal (hereafter dSph) galaxy. Figure 1 is

a photograph obtained with the du Pont 2.5-meter telescope at Las

Campanas Observatory showing the central region of the Fornax

dSph galaxy; although the image seems faint, this is the brightest

*Indeed, the compact cores of some nearby galaxies show evidence that they harbor

massive black holes. However, these objects presumably formed because of their special

location near the centers of massive galaxies; thus, they do not solve the general dark

matter problem described above.



,'•* ,'

Fig. 1. A photograph of the center of the Fornax dwarf spheroidal galaxy, obtained by
past Carnegie Fellow Nicholas Suntzeff using the du Pont 2.5-meter telescope at Las

Campanas. Although Fornax is the brightest galaxy of its class orbiting the Milky

Way, it is evident that it nevertheless is extremely faint. These sorts of galaxies are

ideal hunting grounds for dark matter because there is so little visible material to

contend with. The small star clusters visible in the picture are associated with Fornax;

this is the faintest galaxy known to contain its own system of clusters.
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dSph galaxy orbiting the Milky Way At present, eight dSph
galaxies are known in the vicinity of the Milky Way Six other dSph
galaxies appear to be associated with the nearby spiral galaxy in

Andromeda (M31), and a number are known in more distant galaxy

groups and clusters. With few exceptions, the luminous component
of dSph galaxies appears to be nearly devoid of gas and dust,

composed exclusively of stars. In general, these stars are all old,

approaching the ages of the oldest star clusters in the Galaxy, the

globular clusters.

These properties impose important constraints on observational

studies of dSph galaxies. The lack of gas restricts work to the stars

within these galaxies. However, because old stars tend to be

intrinsically faint, even the brightest stars in the dSph galaxies are

difficult to observe. Finally, the low density of stars in dSph
galaxies imply that the stellar motions within dSph galaxies—even

in the presence of a considerable amount of dark matter—are also

likely to be rather small. Consequently, precise measurements are

required to determine the masses of these galaxies reliably. This has



Fig. 2. An example of a spectrum obtained using the echelle spectrograph on
the du Pont 2.5-meter telescope at Las Campanas Observatory. The various

horizontal lines represent different sections of the spectrum of a star. The
vertical lines within each section are absorption lines produced (mostly) by
elements in the atmosphere of the star. Wavelength increases from the top to

the bottom, and from the right to the left in each horizontal strip (order).

That is, the top consists of blue light, and the bottom, red light.

This spectrum is of much higher quality than those required to obtain

precise velocities of stars in dwarf spheroidal galaxies. As practitioners in

this field advise, "If you can see the absorption lines, you've overexposed!"

(Photo, courtesy of George Preston of The Observatories).

proven to be a severe challenge, and it has only been possible to

undertake detailed kinematic studies of dSph galaxies in the past

ten years.

Of the many instruments applied to the task, the echelle

spectrograph* on the du Pont 2.5-meter telescope has proven to be

one of the best in the world. This instrument was designed and
built by Steve Shectman of the Observatories and has been used

extensively for studies of absorption lines in distant quasars, and to

determine the chemical abundances of nearby stars. A high-quality

spectrum of a bright comparison star, obtained with the instrument,

is shown in Figure 2. The numerous horizontal bands are different

"orders" of the spectrum, corresponding to different wavelength

intervals of the spectrum. The vertical dark features within each

order are absorption lines produced (predominately) in the

atmosphere of the star itself. The important advantage of echelle

spectrographs is that by stacking many of these orders on top of

one another, as shown, a very large spectral range can be observed

*In general, spectrographs are instruments that spread the light of a source into its

constituent colors. (White light is a mixture of light of many colors.) An echelle

spectrograph spreads the light out very broadly, allowing one to measure very-small-scale

features in the spectrum of a star.
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at high resolution. Because of the Doppler effect (the reason an

ambulance siren appears to drop in pitch as it overtakes and passes

you), the absorption lines in stellar spectra shift (horizontally in Fig.

2) according to the star's velocity relative to the Earth. By
measuring the shift and knowing the true wavelength of the line,

the velocity of the star can be easily computed. In practice, the

velocities are extracted from echelle spectra by numerically shifting

and comparing the observed spectrum with that of a bright

standard star whose velocity is independently known (see Fig. 3 for

further explanation). The broad spectral coverage at high resolution

offered by the echelle spectrograph allows these velocities to be

measured with great precision.

A number of effects complicate searches for dark matter in

dSph galaxies. First, the most easily observed stars in these galaxies

are intrinsically luminous red giants. These stars have extended,

unstable atmospheres; many are known to pulsate, causing their
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Fig. 3. The top figure shows graphically the appearance of one of the sections of

the spectrum of a star located in the Fornax galaxy. Though the plot appears to

be featureless noise, the regions of the spectrum containing absorption lines are

statistically lower in intensity than other regions. The lower plot shows that

when this sort of spectrum is numerically compared with that of a bright

standard star with a known velocity, a measurable signal appears when the

absorption lines in the two spectra match up; the velocity difference between the

stars can then be precisely measured. This procedure is analogous to looking

through two picket fences; when the pickets of the far fence line up with the

openings of the near fence, you cannot see beyond the back fence. However, if

you move your head to the side just a little bit, the openings of both fences line

up and you can suddenly see through the two fences to the landscape beyond.
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observed radial velocities to vary systematically. These motions

cause the star to appear to have a velocity that differs significantly

from its "true" center-of-mass velocity A second problem is that a

star observed in a dSph galaxy may be a component of a binary

system. As the stars orbit one another, their velocities vary

systematically, potentially mimicking motions due to the

gravitational effects of dark matter. Among the well-studied stars

near the Sun, 50% are members of binary or triple systems; the

incidence of binaries among stars in dSph galaxies is very poorly

known, so it is difficult to know how serious this problem is likely

to be. Finally, the mathematical problem posed by velocity

measurements of stars in dSph galaxies is a fundamentally complex

one; clearcut conclusions are difficult to attain using even the best

observational data.

In collaboration with Edward Olszewski, Douglas Welch,

Philippe Fischer, and Carlton Pryor, I have studied two of the dSph
galaxies located in the Southern Hemisphere—the Fornax and

Carina galaxies—in an attempt to minimize some of these problems

and say something more definitive about their dark matter content.

Because of the efficiency of the Las Campanas echelle spectrograph,

we have been able to observe over 60 stars in the two galaxies: 44 in

Fornax and 17 in Carina. In other, similar studies, sample sizes of

5-10 are typical; thus, our samples rank among the largest obtained

for any dSph galaxy. Moreover, the stars observed in both galaxies

were not the most luminous; therefore, they are not subject to the

large-scale atmospheric motions described above. In the case of

Fornax, some stars were observed twice, one year apart, and the

results confirm that the incidence of binaries is not very high within

the sample. Because of poor weather, this procedure was not

possible in the case of Carina; however, the distribution of

individual velocities is inconsistent with a large incidence of

binaries in that galaxy. Finally, in Fornax we obtained velocities of

stars located not only toward the center of the galaxy (the standard

procedure) but also well outside the center. For the first time, we
thus achieved a means of constraining models of the mass

distribution in a dSph galaxy, rather than just the amount of matter

in the galaxy core.

What have we learned from these studies? The Fornax

observations suggest that the density of mass does not drop off as

rapidly as the visible light. That is, the dark matter content does not

merely parallel that of the luminous material; it is more extended,

and plays a more dominant role in the outer regions of Fornax. This

is similar to the situation in much larger galaxies, where the dark

matter appears to become the dominant component in the outer

regions. However, whereas the dark halos of luminous galaxies are
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tens of thousands of light years across, the halo in Fornax is at most

a couple of thousand light years in size. This result tends to rule out

high-velocity subatomic particles as the dark matter, and

complicates attempts to solve the dark matter problem by

modifying gravity. Carina provides an example of an essentially

dark galaxy: as little as 2% of its mass may be visible! This reflects

that Carina is faint to begin with, and that the dark matter halos in

all the dSph galaxies apparently have roughly the same mass, about

30 million times the mass of the Sun. Thus in the case of Carina, the

dark halo dominates the visible component.

As noted earlier, dwarf galaxies far outnumber all other sorts of

galaxies. If each is associated with a massive dark halo, their total

contribution to the mass of a galaxy cluster may be sufficient to

account for all the inferred dark matter. Similarly, if large galaxies

formed from the steady accretion of dwarf galaxies, as proposed by

the Observatories' director Leonard Searle and former Carnegie

Fellow Robert Zinn, the dark matter from the individual dwarfs

would tend to accumulate in the halos of the bigger galaxies. This is

certainly consistent with the rotation curves of large spiral galaxies,

as well as with the tendency of dwarf galaxies to maintain a

respectful distance from larger galaxies. If a dwarf galaxy ventures

too close to its parent, it will be rapidly destroyed by the same sorts

of forces that cause ocean tides on the Earth. Though no longer

visible as a distinct entity, the material of such a disrupted

dwarf—both the visible and dark matter—would continue to orbit

the cannibalistic parent galaxy.

Of course, in a more fundamental sense, the realization that

dwarf galaxies may be rich in dark matter merely replaces one

riddle with another. We are not really much closer to answering the

basic question "What is dark matter?"

Searching for Dark Matter with Gravitational Lensing

A remarkable result of gravitational theory is that light should

bend as it passes by a massive object.** This was first confirmed

during a total solar eclipse where the positions of stars were found

to be displaced as their light passed the limb of the Sun. Another

sort of gravitational lens, consisting of four images of a single

background quasar generated as the light passed by an intervening

massive galaxy, is illustrated in the preceding essay by J. Kristian

(p. 23). In both cases, the "lens" (the Sun in the first instance, and a

This is generally believed to be a prediction of Einstein's General Theory of Relativity

only; in fact, Newtonian gravitational theory also predicts the deflection of light, but by a

wrong amount.
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distant galaxy in the second) are visible objects. However, they

need not be; the phenomenon would occur even if the lens were
completely invisible. A few years ago, Bohdan Paczynski of

Princeton University noted that this effect provides a means of

detecting dark matter as it lenses the light from a background star.

In practice, an observer would see the background star brighten

once in a well-defined manner over a period of time ranging from a

few minutes to many months, depending primarily on the mass of

the lens. The method is sensitive to lenses with masses ranging

from those of small planets up to the most massive black holes

believed to form as a result of stellar evolution. Thus, even if no

lensing events are identified in such an experiment, the list of dark

matter candidates would be significantly shortened. If lensing

events are found, we will have obtained an exciting way to directly

determine what dark matter really is.

The practical problem is that lensing events will be very rare

because of the fact that in order to see one, the Earth, lens, and
background star must be very nearly perfectly aligned.

Consequently, millions of stars must be monitored nightly to have a

realistic chance of detecting even one lensing event. This represents

a formidable task for many reasons. First, the required data rate is

much higher than astronomers—or their instrumentation

—

typically have to deal with. Second, the analysis requires not only

that millions of stars be observed, but that they must also be

rapidly but accurately measured, and the results compared with

those of previous nights in order to identify possible lensing events.

Third, the sky is full of intrinsic variable stars that vary in

brightness for reasons that have nothing to do with gravitational

lensing; these stars must be carefully identified and removed from

the sample before looking for real lenses. Finally, it is not a simple

task to find a location in the sky that contains enough stars that

millions can be measured nightly! One such field is shown in Figure

4, which depicts a small section of Baade's Window (named after

the Carnegie astronomer who first systematically studied this

region), located near the center of the Galaxy. The stellar population

density in the region is extraordinarily high; rapidly identifying,

measuring, and comparing results for stars in such a field is a

formidable—and unprecedented—task.

During the summer of 1992, a group of astronomers from the

University of Warsaw, Paczynski, the Observatories' George

Preston, and I began a pilot project to determine the feasibility of a

search for lensing by dark matter toward Baade's Window. We were

granted over 70 nights with the Las Campanas 1 -meter telescope

for this task, and a total of about 45 of these nights were useful.

(Recall that it is winter in the Southern hemisphere during
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Fig. 4. A small part of an image of Baade's Window, obtained using the 1-meter

Swope Telescope at Las Campanas Observatory. This is one of the richest star

fields anywhere in the sky, and illustrates the kind of observations that must
be obtained to search for gravitational lenses. The two large "blobs" are

individual globular clusters, massive congregations of hundreds of thousands

of stars bound together into a single entity. To find dark matter, many fields

like this must be observed repeatedly and all the stars precisely measured and
compared with previous observations. In the pilot observations of 1992, four

such fields were monitored.

Northern summer; 45 out of 70 nights is an excellent return.) A
solid-state charge-coupled-device (GCD) was used to observe the

fields, and an average of about 1 .5 million stars were imaged
nightly. A special version of a computer program designed by Paul

Schechter while at the Observatories was used to measure the

brightnesses of all stars on the CCD images. We found that it is

(just) possible to keep up with the data rate, not including the time

needed to fully correlate results from different nights and search for

variability. During the coming "off-season," we plan to use these

data to study various methods of analysis that can ultimately be

used to identify lensing events. During the coming years, we plan

to expand our program to observe more fields with larger detectors.

By the third season of observations, the project should be mature

enough realistically to have a chance to detect lensing events in

statistically significant numbers.

The ultimate beauty of this sort of project is that it is a
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"win-win" situation; even if we fail to detect lenses, the data we
acquire for the center of the Galaxy will be unique and extremely

useful. The variable star population has never been studied in such

detail. The results of the analysis of their properties will provide

information on the evolution, age, and structure of the inner Milky

Way. Also, we must see lensing events due to known stars between

us and the Galaxy center; this provides a fundamental check on the

effectiveness of the experiment and a means of obtaining a census

of faint stars in the Galactic disk. Finally, the ultimate result of this

survey will be, at worst, to provide evidence of what dark matter is

not; however, with luck it may finally allow us to determine what

dark matter is.
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Some members of the geochemistry group at DTM. From left: Richard

Carlson, Caroline Edwards, Steven Shirey, Louise Frick, Candace
Martin, Julie Morris, Louis Brown, Brady Byrd, Elisabeth Widom,
Nelson McWhorter, and Baiqing Wu.



Introduction

In June the Institution sponsored a three-day symposium on

selected aspects of its history. The many papers presented about

DTM emphasized the wide range of subject matter that has

engaged the interests of the staff over the Department's 88 years.

And yet, because of the focus on earth science and astronomy, some
important work was not treated at all: nuclear physics, the

proximity fuze, biophysics.

The Department's scientific goals have been quite diverse for

much of this century, at times appearing to be those of the entire

Institution in miniature. This diversity, puzzling to those

accustomed to organizations with strict specialties, is to us a

strength. Questions are often posed at seminars that can be

startlingly insightful because of their origins from completely

different points of view. Explaining an old problem to someone of a

very different subdiscipline sometimes leads to unusual

collaborations. The variety in this report attests that this spirit is in

robust health.

The computational efforts of George Wetherill and Alan Boss

have given us plausible ideas about the formation of stars and
planetary systems and have eliminated ideas that were unable to

accept the constraints of physics. There are reliable observations of

only one star having planets and, until relatively recently, few
observations offering useful detail of stars thought to be forming.

The observations of John Graham, exploiting the availability of

excellent infrared detectors on large telescopes, are providing

important observational constraints. Graham and Carnegie Fellow

Wen Ping Chen report here (p. 78) observations of curious objects in

53
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regions where stars are being formed; their work gives a hint of

explaining an old problem for those examining the chemistry and
structure of meteorites.

It is to a very large extent the result of efforts by Francois

Schweizer that the concept of merging galaxies is now accepted as a

normal evolutionary path. Meanwhile, measuring the rotation of

galaxies using Doppler-shifted spectral lines has been the home
port for Vera Rubin during her voyages in astronomy, and she has

returned to it again with a new discovery, one that has led to a

merger of her work with that of Schweizer. They report here on a

curious galaxy whose anomalous rotation they interpret through an

understanding gained from two points of view (pp. 56-66).

The level to which the study of subducting plates has

progressed since DTM investigators initiated work with the

cosmogenic isotope 10Be was illustrated recently in an informal

workshop, one dealing with all aspects of subduction: mechanics,

seismicity, temperature distribution, heat flow, mantle convection,

melt migration, fluid transport, and dynamic modeling. The
contrast with what might have been discussed only a few years ago

is extreme. In the not too distant past, seminars often opened with a

cartoon representing subduction as a snake contorted into knots

after leaving the offshore trench. In contrast, the recent workshop
explored research approaches that might decide whether the

now-accepted movement of fluids from the slab into the mantle

wedge takes place through a medium that is porous or has

macroscopic channels. The stout defense once needed for the use of
10Be as a valid tracer was recalled wistfully, as if from an heroic

past. Caroline Edwards, a Lindemann Fellow of the English

Speaking Union, and Julie Morris report here a very nice example

of unraveling the details of what goes on down there (pp. 78-79).

Plate subduction and its counterpart, plate creation at ocean

ridges, resurface a major portion of the Earth on time scales of

hundreds of millions of years. Less than a third of the Earth's

surface, the continents, escapes this process and thus records a

large part of Earth history. The great distinction in average

elevation between ocean floor and continents is unique to Earth

among the terrestrial planets. Because plate subduction also

appears to be unique to Earth, a connection between continent

formation and plate tectonics is a reasonable inference.

There is general agreement that volcanism instigated by plate

subduction produces the raw material of the continental crust.

What is less clear is how this material is assembled into the

continental crust that we observe today. In particular, does the deep

structure and composition of the continents play an important role

in determining the longevity of certain continental terrains? Work
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by Steven Shirey, Richard Carlson, and Carnegie Fellow Graham
Pearson (see short report, p. 79) is directed toward understanding

why the continents have survived, in some cases for as long as four

billion years, and how their presence has influenced the Earth's

evolution.

With close participation by the Department, a national

consortium of seismological research institutes eight years ago

undertook the design of a new class of portable broadband digital

seismograph for high-resolution imaging of the interior of the

Earth. Three years ago the new instruments came into production,

and the Department set about acquiring 25 of them for the study of

major problems in Earth structure and dynamics. Several

prototypes were deployed in the cooperative investigations of the

Canadian Shield reported in Year Book 89. Paul Silver reports here

that the results gleaned from analysis of these data demonstrate

anisotropic propagation owing to preferential crystal alignment of

mantle materials (pp. 66-78). We now have ten broadband

seismometers with five more soon to be delivered. In collaboration

with Venezuelan institutions and under the supervision of David

James, Raymond Russo, who holds our Wood Fellowship, and
Randy Kuehnel are deploying five of these instruments to study the

highly controversial question whether the South American plate is

overriding the Caribbean subduction zone or whether the relative

movement of the two plates is taken up by a strike-slip offset.

James will deploy the remaining ten instruments in Brazil, as part

of a multi-national program to study the deep structure and
tectonic evolution of the continental blocks that were swept

together in late Precambrian to form the Brazilian Shield.

Determining in detail the structure of the Earth and
understanding how this fits our knowledge of its dynamic behavior

may be the most satisfying intellectual goal of seismology, but there

are secondary goals—some with practical importance for millions.

Unfortunately, though the effort to ascertain the Earth's structure

can be said to be proceeding very nicely, this cannot be said about

our understanding of how earthquakes release the energy stored in

strained rock. Determination of structure makes use of the large

number of worldwide signal sources. Determination of release

mechanisms probably needs, and does not have, at least a few

repetitions of an earthquake at a given location, each observed with

a variety of instruments. General principles of strain release may
exist, but they are masked by local conditions. Therein lies the

problem for those hoping to be able to predict earthquakes, and
there may be no breakthrough.

Although years of patient observation and thought may be

required to predict an earthquake, an intriguing and unexpected
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result bearing on the prediction of volcano eruptions is reported

here (pp. 79-80) in a short report by Alan Linde and Selwyn Sacks.
—Louis Brown

Fossil Evidence for Galaxy Mergers
by Vera C. Rubin and Franqois Schweizer

There are only a few observational astronomers at DTM, yet

each of us has followed an independent program of research.

John Graham has increasingly investigated very young, nearby

stars and the regions in which they form, following his earlier

studies of stars and gas in the galaxies nearest to our own. Vera

Rubin has devoted most of her professional career to deducing the

distribution of mass within galaxies from observations of orbital

motions in them, on occasion using her results to determine the

motion of our own Galaxy and Local Group relative to the distant

universe. And Francois Schweizer has spent the past decade

accumulating observational evidence that elliptical galaxies are the

products of collisions and mergers between former spiral galaxies.

Occasionally, our work intersects, and on those special occasions

we bring our separate realms of expertise to common studies. One
recent unifying theme has been our interest in understanding the

meaning of Hubble' s famous morphological sequence of galaxies.

Growing evidence suggests that for many galaxies there must

be a connection between their present-day shape and merger events

in their past history. For example, both observations and numerical

simulations show that mergers between spiral galaxies of about

equal mass can lead to remnants that ultimately will be nearly

indistinguishable from normal elliptical galaxies. Therefore,

mergers can cause not only minor, transient changes in galaxy

structure but also major, permanent transformations of Hubble

type. As satellite infrared observations and ground-based optical

observations have taught astronomers, major crashes of spiral

galaxies lead to fierce bursts of star formation, intense episodes of

galaxy building. Therefore, studies of the complex dynamical and

stellar-evolution processes occurring during such mergers are a

prerequisite for our further understanding of the formation and

evolution of galaxies.

Yet, despite the explosive growth of research on mergers and

their associated bursts of star formation, many aspects of the

connection between mergers and early-type (i.e., E and SO) galaxies

have remained tantalizingly unclear. Did most E and SO galaxies



Francois Schweizer, Vera Rubin, and visiting investigator Andrew Fruchter.

form through mergers of spirals? And if so, which are the young
and intermediate-age E and SO galaxies that formed during, say, the

last 5-7 billion years?

The first part of our report below addresses these general

questions. The second part details the delightfully complex motions

that, as we discovered, a past merger can induce in one single

galaxy.

Dating Ancient Merger Events in E and SO Galaxies

When during the 1920's Edwin Hubble developed his

morphological classification of galaxies, he could barely have

imagined that understanding and interpreting his type sequence

would keep scores of astronomers busy for the rest of the century.

At one end of this sequence were the blobby "elliptical nebulae,"

followed first by the flatter, but similarly featureless SO galaxies,

and then by the increasingly star-forming Sa, Sb, and Sc spirals. The
fact that most E and SO galaxies seemed to consist of old, reddish

stars and appeared to be devoid of gas long suggested that these

must be the oldest galaxies, formed shortly after the Big Bang about

15 billion years (Gyr) ago. Yet, several developments during the

past decade have gradually changed this view.

First, detailed studies of remnants of recently merged spirals

have shown that in structure and dynamics, these heaps of stars

surprisingly resemble the E and SO galaxies. Second, more and
more signatures of past mergers have been discovered in the E and
SO galaxies themselves. And third, although the colors and spectral

features of E and SO galaxies have always seemed remarkably

uniform and only slightly dependent on galaxy luminosity,
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Fig. 1 . Correlations between line-strength residuals and fine-structure

index I for 36 ellipticals (left two panels) and between color residuals

and E for 65 E and SO galaxies (right panels). (E galaxies are solid dots,

SO's are open circles.) E and SO galaxies with much fine structure show
systematically enhanced hydrogen Hp absorption, weakened
magnesium absorption, and bluer colors. (The color indices U-B and
and B-V express ratios between fluxes at ultraviolet, blue, and visual

wavelengths as magnitude differences; the lower the value of the

index, the bluer is the color.)

The four correlations suggest that the same mergers that created the

fine structure in these galaxies also triggered major bursts of star

formation. These now-aging starbursts contain many intermediate-

aged stars characterized by strong hydrogen absorption lines, weak Mg
features, and relatively blue continua. Thus, the long-known scatter in

the line strengths and colors of E and SO galaxies seems to be due at

least as much to age variations as to previously suspected metallicity

variations of the stellar populations.

increasingly precise measurements have suggested that they are not

quite uniform enough for stellar populations of a supposedly

uniform, old age. Could it be that minor color and spectral

line-strength variations correlate with the presence or absence of

merger signatures?

With this and similar questions in mind, Schweizer undertook,

in collaboration with Patrick Seitzer of the University of Michigan,

a systematic survey of 74 northern E and SO galaxies in order to

catalog all discernible fine structure in them. We used the Kitt Peak

0.9-meter telescope and various CCD cameras to collect roughly a

thousand images of these galaxies. After extensive processing to

reveal the faintest possible features and after months of scrutiny, we
assembled a comprehensive catalog of fine structure. The main
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finding was that fine structure exists in a surprisingly large fraction

of these galaxies. More than half of the ellipticals and one-third of

the SO galaxies feature weak, sharp-edged ripples in their light

distributions, the best-known signature of mergers involving

former disk galaxies. And fully 69% of E's and 53% of SO's possess

at least one of the four main types of fine structure now thought to

be formed by mergers: ripples, boxy isophotes, X-structures, and

plumes of stellar material. Thus, a majority of these early-type

galaxies seem to have experienced at least one merger in the not too

distant past.

In order to facilitate the search for correlations with other

observables indicative of recent merger activity, we formed a

fine-structure index, Z, which combines five visual estimates of

merger signatures. The value of S varies between zero for galaxies

having no detected fine structure and 7.6 for the elliptical having

the most fine structure in the sample. For comparison, two
well-known, recent (1-2 Gyr) merger remnants have £ indices of 8.8

and 10.1, respectively. These remnants and various merger models

suggest that within 1-2 Gyr after a major merger, the fine-structure

content measured by £ reaches a maximum and then declines to

near zero during the following several billion years.

Correlations between fine-structure index I and line strengths

and colors measured by other investigators have been closer than

we dared hope. Figure 1 illustrates some of the correlations found

to date. The two left panels show how the hydrogen Hp line

strength (indicative of relatively young stars) and the magnesium
index Mg2 (indicative of old stars) correlate with Z in 36 ellipticals

in which line strengths have been measured by former DTM fellows

Sandra Faber (Lick Observatory) and David Burstein (Arizona State

University) and their students. Note that it is not the line strengths

themselves that are plotted, but their deviations AH(3 and AMg2

from mean values determined at the luminosity of each elliptical

from a much larger sample of galaxies. In a similar manner, the two
panels to the right show that the color indices 17 - B and B - V of 65

E and SO galaxies, taken from the latest compilation by Gerard de

Vaucouleurs (University of Texas) and his collaborators, also

correlate with I: galaxies having much fine structure are

systematically bluer than those lacking fine structure.

The index I is a rough measure of dynamical youth, or

rejuvenation: the more fine structure there is, the more recently the

merger must have occurred. Hence, the correlating line-strength

and color variations are most likely due to systematic variations in

the mean age, rather than the previously suspected mean
metallicity, of the stellar populations. Indeed, one needs only a

relatively small admixture of intermediate-age (0.5-5 Gyr old)
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Fig. 2. Evolutionary paths of model pairs of merging galaxies in two-color

diagram; galaxies travel from upper left (blue colors) to lower right (red

colors) as they age. Two small circles near beginning of each path mark
times 10 and 100 million years, respectively; larger circles and squares are

spaced at 1-Gyr intervals, with squares marking 1, 5, 10, and 15 Gyr. In

each panel, leftmost path is at its proper position in the two-color diagram,

whereas paths to the right have been shifted successively by +0.2 mag in

B - V to avoid overlapping. The two panels show the effects of (at left)

varying the Hubble type of the two galaxies (assumed to merge at 10 Gyr)

and (at right) varying the epoch of the merger. Note that at the present-day

time of 15 Gyr (final squares) variation in merger epoch causes relatively

large color change, while variation in Hubble type causes lesser change.

1.2 1.6

stars—presumably part of an already aging, merger-induced

starburst—to enhance the H(3 absorption, dilute the Mg features,

and add flux to the blue continuum of the older populations. Thus,

we seem to have identified the long-sought source of excess scatter

in the colors and line strengths of E and SO galaxies: varying mean
age.

If this interpretation is correct, then the observed color

variations can be used to estimate when the presumed mergers

occurred. For that purpose, we have developed a simple two-burst

model of population evolution in merging galaxies. In this model,

two galaxies of equal Hubble type evolve toward what would be

present-day Sa-Sa, Sb-Sb, or Sc-Sc pairs, but collide and merge at

some earlier epoch. Prior to the merger, the star-formation rate

slowly declines from its initial peak in an exponential manner (time

constants x = 4-10 Gyr for Sa to Sc galaxies). During the merger, the

star-formation rate increases sharply and experiences a second

peak. Afterwards, the rate declines exponentially again, but much
more rapidly (x = 0.1-0.3 Gyr), as suggested by observations of

recent merger remnants.

Figure 2 illustrates how the colors of these merging spirals

evolve. The general path of the pair of aging galaxies toward redder

colors gets interrupted at the time of the merger at 10 Gyr, when a
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starburst rejuvenates the stellar populations and sends the merger

remnant on a blueward looping path. By the time the merged
galaxies reach their present-day age of 15 Gyr, those that either had
the most gas in them (types Sc) or merged most recently have the

bluest colors. It is these present-day color differences that the

two-burst model helps us translate into merger ages. We call these

inferred ages heuristic to emphasize that they are model-dependent.

Figure 3 shows the resulting heuristic merger ages of 65 E and

SO galaxies plotted vs. the fine-structure index for three different

model assumptions: low-efficiency Sb-Sb mergers that convert only

3% or 10% of the remaining gas into stars, and higher-efficiency

Sc-Sc mergers that convert 33% of the gas into stars. This and
similar figures have allowed us to draw several interesting

conclusions. First, if indeed E and SO galaxies formed through

mergers of spirals, these mergers (which themselves take only

about 1 Gyr to complete) must have been occurring during at least

5-10 Gyr, or from one-third to two-thirds the age of the universe.

Second, for efficient Sc-Sc mergers, most E + SO formation would
have stopped 6-7 Gyr ago, while for inefficient Sb-Sb mergers, E +

SO formation has lasted essentially until the present; we believe that

this latter case best represents nature, since the median Hubble type

of field galaxies of the same luminosity as our sample galaxies is Sb.

And third, as surprising as it may appear, our models suggest that

the relatively small scatter in the colors of E and SO galaxies is

consistent with the hypothesis that these galaxies formed through

major disk mergers throughout most of the age of the universe.

Many details of this modern scenario of delayed E and SO
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formation remain to be worked out. For example, what happens to

the gas during mergers? And why do elliptical galaxies have more
globular clusters per unit luminosity than spirals? Yet, the present

work, yielding specific merger ages for E and SO galaxies

previously believed to be uniformly old, should help focus our

ideas and accelerate progress in unraveling the mysteries of galaxy

formation.

A New Merger Signature in NGC 4550

Often, merger products are very distant from us, rendering

details of their morphology and kinematics difficult to detect.

During the past few years, Rubin, joined by Jeffrey Kenney of Yale

University, has been observing galaxies in the Virgo cluster, of

which we are a suburban member. Our initial aim was to examine

the effect of the increased galaxy density on the dark-matter halos

we had previously detected in isolated field galaxies. However, it

immediately became clear that the proximity of these Virgo

galaxies, coupled with our continued insistence on observing at the

highest possible spatial scale and velocity resolution, made it

possible to discover details of the stellar populations, morphology,

and kinematics that were previously unknown. As we studied the

U

Fig. 4. Red passband image

showing Virgo galaxies

NGC 4550 and 4551,

obtained by C. Bailyn and
Y.-C. Kim at the Cerro Tololo

Inter-American Observatory

0.9-meter telescope, using a

1024 x 1024 TEK CCD. There

is no evidence of morpho-
logical peculiarity in either

galaxy.
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Fig. 5. (left) Portion around Ha of Kitt Peak 4-meter spectrum taken with

spectrograph slit aligned along major axis of NGC 4550; red is to the top and
emission lines are shown black. Note absorption (here shown light) at Ha and
counterrotating emission. Note also the counterrotating absorption peeking out of

the emission at -15" North. (Scale and dispersion 0.91"/pixel and 0.33 A/pixel;

integration time was 6000 sec.)

(right) NGC 4550 major axis velocities, from emission lines (filled symbols) and
from Ha absorption (open symbols), measured on two different CCD frames.

(Error bars indicate la variation of all measures within that radial bin, except that

for the absorption lines, lo has been adopted as 20 km s"
1
.)

Virgo galaxy NGC 4550, John Graham joined the program, adding

his expertise on stars in nearby galaxies.

NGC 4550 is a highly flattened, featureless elliptical E7/S0
galaxy which forms on the sky a pair with NGC 4551 (Fig. 4). It is

the apparently closest elliptical to the cluster center defined by
famous M87, a giant elliptical with a gaseous jet. Although no

evidence of tidal or morphological peculiarities are present, NGC
4550 shows clear evidence of the presence of a disk; this accounts

for the /SO in its classification.

From spectra obtained in 1989 and 1990 at the Palomar 200-inch

telescope, and confirmed with a spectrum obtained in 1992 at the

Kitt Peak 4-meter telescope, we have discovered a unique pattern of

stellar and gas kinematics in this galaxy. The disk contains two
interpenetrating stellar components; stars in one system are

orbiting prograde, while stars in a second stellar system, cospatial

with the first, are orbiting retrograde. Evidence of the two disks

comes from the spectra. Instead of a normal spectrum composed of

many single absorption lines, we observe each absorption line to be

double, with the two members opposite in velocity and crossing at

the nucleus. NGC 4550 also contains a prominent gas disk, orbiting

in the same plane and with the same velocity as one of the stellar

disks (Fig. 5). Thus at the spectral location of the hydrogen Ha line

we observe one system in absorption, and one principally in



Fig. 6. (upper) Spectrum of NGC 4550

extracted for the region 9.5" ± 3" north of the

nucleus. Features labeled 1,2,3/4,5 indicate

positions predicted for the prograde and
retrograde Mg I absorption lines.

(lower) Positions of the Mg I absorption

lines predicted for a model galaxy having

central velocity V = 450 km s"
1
, velocities

rising to 120 km s
_1

at 5", and constant

beyond. Solid lines represent the absorption

lines from the stellar (only) disk; dashed lines

represent the absorption lines from the

counterrotating disk. The width of each line

shown is 2A, or 116 km s
_1

. Note that the

curious diamond appearance where the

prograde and retrograde components of the

5168 and 5173 lines cross is a very good

approximation to the appearance of the real

spectral feature (insert to left).

(insert) The Mg I triplet (5168, 5173, and

5184A) from the Palomar 200-inch spectrum

is here reversed so that absorption lines

appear black. Note the two clear absorption

rotation components at 5184A and the

complex blending of the 5168+5173A doublet.

Compare with model to right to identify

separate features.
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emission. In the vicinity of the strong Mg absorption triplet, we
observe a curious pattern of lines, which offers strong evidence for

the existence of the two systems (Fig. 6).

Both disk components exhibit relatively high orbital velocities,

V ~ 125 km s"
1
, but in opposite directions (Fig. 5), and have rather

similar absorption line intensities. No galaxy with two nearly

equivalent, but counterrotating stellar disks has been known
previously. However, some elliptical galaxies contain recently

discovered, rapidly rotating cores within their slowly rotating

bulges of stars; also, several ellipticals are known in which a central

gas disk rotates counter to the stars. Clearly, NGC 4550 is a rare

object, and emphasizes the amazingly complex dynamics of

elliptical galaxies.

What are we to make of this remarkable galaxy? At least we
have the privilege of viewing it from afar, which makes it easier for

us to untangle the two cospatial disks. Surely stellar dynamicists

living within NGC 4550 have a complex puzzle to ponder.
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In a galaxy disk, stars are very far apart relative to their

diameters; it would be possible to line up 108-109
stars, i.e., -1% of

the 100 billion stars in a galaxy, between the average separation of

two stars. Hence two counterrotating star streams will

interpenetrate with little interaction, once such a system has been

established.

There is in the astronomical literature a history of mathematical

discussions of cospatial stellar systems rotating both clockwise and

counterclockwise. Such models, permitted by the laws of physics,

were assumed to be unrealized in nature because there appeared to

be no viable method for establishing such a morphology.

Lynden-Bell (1960) used a Maxwell demon to reverse the direction

(and violate conservation of angular momentum) of one-half the

stars in a spherical cluster to form a stable system of two
interpenetrating and counterrotating spherical clusters. Toomre

(1982) discussed axially symmetric, flattened isothermal galaxy

models. As nothing in the analysis restricts the disk stars to orbit

only in the prograde direction, Toomre investigated sets of models

in which one-half of the stars rotate prograde and one-half

retrograde. He identified his models as "elegant curiosities"; our

discovery has established their reality, and merger models can

explain their origin.

All of the possibilities for the origin of the curious kinematics of

stars in NGC 4550 require the acquisition of secondary material

after the initial stellar disk of NGC 4550 was formed. We cannot

envision a process which, in a gaseous protogalaxy, would produce

stars orbiting in two opposite senses. In contrast to our solar system

(itself disk-like, but 100 million times smaller than a disk galaxy),

where the unidirectionality of all of the planets is used to infer that

they formed from the same circumsolar disk of dust and gas, we
must for NGC 4550 invoke a second disk-forming event.

Presumably, this event deposited into the preexisting stellar disk

fresh gas whose angular momentum vector was opposite to that of

the galaxy.

Thus NGC 4550 falls into the class of merger remnants.

Variables of the interaction are many, and include the geometry of

the encounter, whether prograde or retrograde; the mass of the

acquired object relative to the initial mass of NGC 4550; and the

form of the matter, whether principally gas or stars. Spectral

evolution from integrated populations is complex, with no simple

relation between absorption line strength and the mass of gas and

time since the merger.

We propose the following likely scenario. A retrograde gas

mass, probably small compared with the mass of NGC 4550, is

captured at some angle intermediate between polar and disk; the
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gas ultimately settles to the disk plane via dissipation caused partly

by differential precession and forms most stars after the gas has

settled into the plane. These stars retain the counterrotation of the

gas from which they formed.

Earlier, Schweizer and Rubin with our then postdoctoral fellow

Bradley Whitmore (now at the Space Telescope Science Institute)

studied SO galaxies with outer rings located over their polar axes.

These polar-ring galaxies, too, are products of second events. Some
polar rings may not be in equilibrium and may ultimately precess

to the plane of the disk. Hence an uncommon system like NGC
4550 can be understood as an alternative end point to the polar-ring

sequence, i.e., as some sort of a secondary equatorial disk.

The lack of morphological distortions in NGC 4550 and the

presence of strong metal-absorption lines both suggest that the time

elapsed since the merger began is at least several billion years,

allowing time for the gas to come to equilibrium in the combined
gravitational potential, and for the merger-induced stars to form

and age. An age of 3-4 billion years corresponds to about 30^10

orbital periods at the half-light radius (16"), sufficient time to

destroy most of the morphological evidence of the event.

Occasionally, nature offers us a rare opportunity to learn a few

secrets about the universe. Progress in understanding comes by
being alert to these circumstances and recognizing their importance

to the science. Astronomy deals with vast timescales. But events

which have long-term consequences can occur relatively quickly

and are caught only on rare occasions. Unusual galaxies containing

fossil evidence of mergers are pieces of the puzzle which will

enable our successors to understand more about the universe which

they inhabit.

Seismic Anisotropy and the Motions

of the Earth's Mantle
by Paul Silver

There is something characteristic about observational sciences

like astronomy, geology, or biological evolution, in the way
practitioners view their discipline. The logical order of inference is

inverted from that in the experimental sciences. Nature has already

performed the experiment, perhaps in the distant past, in an

inaccessible realm of our universe or in the Earth's deep interior,

and we are left with the humbling task of deciding what the
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experiment was, how and when it was performed, and the identity

of the relevant physical processes. In such fields, the "accidental"

measurements or instruments that nature has provided for us are

crucial to making progress; studies of these instruments may
develop into mature subdisciplines— paleomagnetism,

geochronology, and seismology are particularly noteworthy

examples in the earth sciences.

Seismology is probably our best tool for studying the Earth's

interior and working out its structure. The dependence of seismic

waves on the elastic properties of earth material has provided

information about the composition, mineralogy, and temperature of

the Earth's interior shells. Lateral thermal variations within the

Earth have also been detected by seismological means, producing

exciting three-dimensional images of the Earth's interior that most
probably reflect the convective motions responsible for plate

tectonics.

A lesser-known feature of seismology is that seismic waves
provide information about how the Earth is deforming or flowing,

through the study of seismic anisotropy* Anisotropy refers to the

property that the velocity of seismic waves varies not only from

place to place, but also as a function of the propagational and
vibrational directions, of the waves. Seismic anisotropy can have

many causes, but the dominant one in the Earth's mantle appears to

be the anisotropic (i.e., directional) elastic properties of the silicate

minerals composing the mantle. But the presence of anisotropic

mineral crystals is not sufficient to produce seismic anisotropy;

usually, the individual crystals are more-or-less randomly oriented

in aggregates, and their anisotropic properties are averaged out on

the macroscopic scale of seismic waves (tens to hundreds of

kilometers). When such mineral aggregates are deformed, however,

many of their crystals tend to align their crystallographic axes with

the strain field. The development of a strain-induced statistical

concentration in the direction of axes, referred to as Lattice

Preferred Orientation (LPO), then produces elastic anisotropy

detectible on the scale of seismic waves. The result is a direct

relationship between mantle strain and seismic anisotropy—an
"accidental strainmeter" with which to probe the Earth's deep

interior.

The original idea of a relationship between anisotropy, LPO,

and flow is due to Harry Hess, who in 1964 analyzed the results of

an ocean refraction survey; the analysis showed that Pn waves
(waves that propagate just below the Moho separating the crust

Anisotropic = varying with the direction of the measurement axis.
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and mantle) traveled at higher velocities, by several percent,

parallel to the oceanic fracture zones than in the perpendicular

direction. Hess suggested that this was caused by crystal alignment

in olivine. His result stimulated theoretical studies of seismic

anisotropy and many similar refraction surveys, as well as the

examination of seismic anisotropy in ophiolites, pieces of oceanic

mantle that have been hoisted onto the continents. Both the

magnitude and orientation of the anisotropy found in these oceanic

fragments were consistent with what Hess saw, showing that the

anisotropy was imparted to the rocks as they were being formed in

the flow field of the spreading oceanic ridge. Many studies, using a

variety of techniques, have confirmed the existence of large-scale

anisotropy in the mantle beneath the oceans, apparently related

both to the formation of new ocean floor at spreading ridges and to

flow in the asthenosphere, the decoupling zone below oceanic

plates.

Shear- Wave Splitting

The last decade has seen the development of a new
manifestation of seismic anisotropy, shear-wave splitting, which

has already had a major impact on our study of the Earth's mantle.

Splitting is analogous to birefringence in a crystal. A shear wave,

upon entering an anisotropic medium, is split into two waves with

perpendicular polarizations and different velocities. At a seismic

station, one sees two shear waves rather than one. The parameters

extracted from shear-wave splitting are (1) the polarization

Surface

^
*V>
<>**

CMB
Fig. 1 . Schematic illustration of S and SKS splitting in the case of both source-side

and receiver-side anisotropy. Because of its passage through the outer core, SKS is

sensitive to splitting only on the receiver side of the path. S is sensitive to both

source- and receiver-side anisotropy. (CMB = core-mantle boundary.)
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direction of the fast shear wave, <|>, which constrains the orientation

of the anisotropy, and (2) the delay time dt, which is determined by

the thickness of the anisotropic layer and the strength of the

anisotropy

The teleseismic shear waves that are used in the study of mantle

anisotropy (see Fig. 1), having steep arrival angles beneath the

receiver, provide excellent horizontal resolution in the upper
mantle. The two main phases are SKS, which is only sensitive to

anisotropy on the receiver side of the path, and direct S, which is

sensitive to anisotropy on both the source and receiver side. The
combined use of these phases allows one to constrain the

anisotropy on either side.

Thus, in contrast to the study of the ocean basins, where

anisotropic properties are homogeneous over large horizontal

scales, this particular manifestation of anisotropy can be used in

areas that require higher resolution, allowing, for example, direct

comparison of subsurface anisotropy with surface tectonic or

geologic features possessing much smaller horizontal dimensions.

The most successful application of this technique has been in the

study of the continents, where there are changes in the surface

geology at scales of hundreds of kilometers. Other, shorter-scale

features, such as plate boundaries or other localized regions of

intense deformation, can also be examined.

Another important property of shear-wave splitting is that it is

the most unambiguous manifestation available to seismologists.

The measurement of splitting from only one record is in principle

sufficient to make inferences about anisotropy along the ray path.

For these reasons, along with the recent availability of

high-quality, three-component broad-band permanent and portable

instrumentation, measurements of shear-wave splitting have

emerged from relative obscurity to become a tool as fundamental to

seismology as the travel times of body waves.

The class of problems that can be addressed with our accidental

strainmeter is surprisingly large. In collaboration with present and
former postdoctoral fellows at DTM (G. Helffrich, W. W. Chan, S.

Kaneshima) and colleagues at other institutions (M. Savage, H.

Given, D. Mainprice, T. Owens, D. McNamara), we have begun to

utilize shear-wave splitting in a broad range of problems associated

with mantle deformation. Much of the work has involved the study

of continental deformation—from ancient major orogenies in

regions that have been stable for at least 2 billion years, such as the

Canadian Shield and surrounding areas, to zones that are currently

active, such as deformation along a major strike-slip plate

boundary (the San Andreas fault system), a major extensional zone
(the Basin and Range), a large-scale collisional zone (Tibet), and the
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Fig. 2. Map of the array of the APT89 portable teleseismic experiment

performed by DTM and the University of Wisconsin. Dashed lines give

state boundaries, while solid lines denote major geologic boundaries as

well as subprovince boundaries within the Superior province. Splitting in

phases SKS and SKKS: size of circle gives delay time (range: 0.5 to 1.8 sec).

Lines give direction of fast polarization direction
(J).

Solid symbols denote

more-reliable measurements, while open symbols denote less-reliable ones

(GLWW and MCNW). GLWW exhibits two inconsistent values of $ (both

are shown). For stations where there are two orthogonal lines (HANW,
LENR), splitting has not been detected, and either there is no anisotropy or

one of the directions shown corresponds to the fast polarization direction.

Several distinctive features are seen: (1) a band of stations within the

Superior province having large (approaching 2 sec) delay times, (2) an

abrupt change in splitting properties at the southwestern edge of the

Superior province, and (3) a rotation in <j> of about 30° from northern to

southern stations within the Superior province.

deformation associated with subduction at convergent plate

margins.

Subcontinental Mantle Deformation: Ancient Orogenies

The images of the Earth's interior that are typically obtained

from the travel times of seismic waves provide us with a

present-day snapshot. However, our study of a stable region of

North America over the last few years shows that the remnants of
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ancient mountain-building episodes leave their mark in the mantle

down to some 200 km, as a kind of "fossil anisotropy." The

existence of this ancient signal, proposed by us in 1988, was
confirmed in a portable experiment performed a year later with the

new class of portable instruments (Fig. 2). The importance of this

conclusion, which provides a critical dimension to the study of

continental evolution, cannot be overemphasized. The work of the

structural geologist, which is typically focused on the study of

deformation of surface rocks of the crust, can now be extended well

into the mantle. Are there deep deformational structures in the

mantle that provide clues to continental evolution or even to the

origin of continents?

The portable experiment, conducted by DTM (Silver, James,

Kuehnel, and postdoc Tim Clarke) and the University of Wisconsin,

had two primary goals. The first was to test the hypothesis of

mantle fossil anisotropy. This was done by determining the extent

to which subsurface anisotropy followed the deformation inferred

from surface rocks. (Did crust and mantle deform coherently in

orogenies, and is the deformed mantle still there?) The second goal

was to determine the location of a major transition in anisotropic

properties indicated by an earlier study. A large difference in delay

times had been found at two permanent stations: station RSON
(Fig. 2) possessed one of the largest delay times in the world,

ty
= 1 .7

sec, while station RSSD had one of the smallest, ()) = 0.6 sec. This

suggested that a major transition in anisotropic properties existed,

and we wanted to know where.

Along most of the traverse, we found a striking correspondence

between the orientation of geologic structures and the splitting fast

polarization direction <|). We found that (|> closely paralleled the

ancient geologic boundaries within the northern part of the

Archean (~2.7-billion-year-old) Superior province of the Canadian
Shield. The rotation in § as one moves south (Fig. 2) also follows

geologic trends. Finally, the western edge of the Superior province

is the site of an abrupt change in splitting properties, suggesting

that this geologic boundary is a transition in mantle properties as

well. The size of the delay times (1 sec of delay time corresponds to

a thickness of about 110 km) suggests that 100-200 km of the

mantle was probably involved.

This result probably would not have surprised a geologist

before plate tectonics, since in a static environment the idea of

orogenies extending to great depth would seem intuitive. But such

a result is more difficult to fit into the mobilist world of plate

tectonics. Where is the asthenosphere beneath the continent? Why
don't we see it? The dominance of anisotropy due to ancient

orogenies over present-day sources of strain is a question of
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Paul Silver in 1989 in Western Ontario, Canada, during the Archean-

Proterozoic portable seismic experiment undertaken by DTM and the

University of Wisconsin.

fundamental importance to the evolution of continents. It suggests

that we must be careful in applying plate tectonics (primarily an

oceanic theory) directly to the problem of the continents.

The transition in anisotropic properties that we were looking

for turned up in a surprising area. Figure 2 reveals that there is a

band of large delay times within the Superior province. There

appears to be a rapid reduction both north and south of this region.

The analysis of P and S travel times by student Goetz Bokelmann
showing this same transition (Fig. 3) suggests that it represents a

major change in the thickness of the lithosphere of more than 100

km! Was this a feature associated with the formation of the Superior

province some 2.7 billion years ago, was it produced by the

Trans-Hudson, or is it associated with the Williston basin, an

enigmatic feature that began forming some 500 million years ago

and whose eastern edge roughly coincides with this mantle

transition? A more detailed field experiment in this transition

region might answer this question.

Subcontinental Mantle Deformation: Technically Active Regions

Shear-wave splitting is equally well suited to study tectonically

active areas and to determine the relation of subsurface

deformation to that of the surface.

San Andreas Fault. Especially intriguing is the area of the San

Andreas fault (Fig. 4). Directly along the fault we see two distinct
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Fig. 3. Plot of 8f (solid circles) vs. distance along the transect from southwest

to northeast for stations which exhibited detectable splitting (solid circles in

Fig. 2; scale on left). Also shown, plot of S-wave station travel times (open

squares) obtained from a suite of 43 events studied by Goetz Bokelmann as

part of his Ph.D. thesis at DTM. (Scale on right; more-negative corresponds

to earlier travel times.) The earlier travel times at 1500-1800 km are

interpreted to show a thickened lithosphere beneath the stations. The two
data sets are spatially correlated, which implies that the anisotropy is located

within the lithosphere.

anisotropic layers. The upper layer, about 100 km thick, reveals a

fast polarization direction that is locally parallel to the strike of the

fault, and most likely corresponds to the deformation caused by the

relative motion of the North American and Pacific plates. The lower

layer, also about 100 km thick, has a value of ty that is nearly

east-west in northern California. This feature appears to extend

across California to the western edge of the Basin and Range but

abruptly terminates to the north, as indicated by its absence at

station ORV (Fig. 4).

At first, we thought the lower anisotropy might be due to a

remnant of the Farallon plate which was previously subducted

beneath the California coast. But two pieces of evidence suggest

this is not the case. First, the apparent termination of the feature to

the north corresponds to the location of the southern edge of the

subducted Gorda plate. If the signal is caused by a slab, why should

a remnant slab be so anisotropic when a presently active plate is

not? Second, other sources of data (travel-time anomalies, gravity,

heat flow) suggest that there is no remnant of the Farallon plate and
rather warm asthenospheric material below. Thus we now think

that the lower anisotropic layer is, like the upper layer, associated

with the San Andreas fault.

The formation of this fault over the last 20 million years is

linked to the contemporaneous migration of the Mendicino triple
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junction and the southern edge of this Gorda plate from southern

California to its present location (now located between stations

CMB and ORV). We suggest that the motion of this descending slab

has served to shear adjacent asthenospheric material during its

northern migration. Since the mantle beneath station ORV would
not have experienced this effect, this explanation provides a

rationale for the northern boundary of this feature.
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Fig. 4. Shear-wave splitting results from stations in the UNR, Lawrence
Livermore, and Berkeley networks, for measurements of SKS and SKKS phases at

all depths, and for S phases for those events deeper than 100 km. Bars by station

names designate average <j) from the best measurements for each station; size of

octagons is proportional to dt, as in the lower right of the figure. Where only null

measurements of anisotropy (absence of splitting) were observed (station ORV),
bars are plotted parallel to and perpendicular to the polarization of the incoming

phase, representing the possible fast and slow directions for each measurement.
Stations LAC and BKS, MHC, and SAO have two results plotted; the upper layer,

with (j) parallel to the San Andreas fault, is denoted by arrows at the ends of the

bar; in all cases, the St for the lower layer, shown by inner octagon, is smaller

than for the upper layer. Numbered stations are portable.

Also shown, present Basin and Range extension direction and absolute plate

motion APM. The present boundary of the Gorda plate is shown. Physiographic

boundaries are dashed, state boundaries are solid, and faults are dotted.

Mendocino triple junction is shown as a star.
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Fig. 5. Analysis of shear-wave splitting results for the Tibetan plateau

from a portable teleseismic experiment performed by F. Wu, T. Owens,
and T. McNamara, with assistance from DTM's R. Kuehnel. Outline of

plateau corresponds to the 4000-meter elevation contour (solid contour

line). At each station, orientation of line corresponds to the fast

polarization direction. Delay time is proportional to the length of the line.

The range of delay times is from 0.7 sec (station SANG) to 2.3 sec (station

BUDO), which is the largest delay time measured thus far. The largest

contrast in delay times is at the northern edge of Tibet. The symbol at

LHSA means that splitting was not detected but that there is still the

possibility for anisotropy with the possible fast polarization directions

given by the two lines.

Basin and Range. The Basin and Range (Fig. 4) is one of the

largest regions of continental extension in the world. We expected

to see in the anisotropy a manifestation of the west-northwest

present-day extension. We were surprised to find that the dominant
direction for the Basin and Range was closer to east-northeast.

There is evidence to believe that present-day extension does

penetrate into the crust and uppermost mantle. However, our data

suggest that it goes no deeper, and that there is another source of

anisotropy, either produced by the absolute motion of North
America or by a previous episode of deformation. In either case, the

present extension appears to be superficial, a result of the stretching

of the plate rather than deep-seated upwelling, an alternative

hypothesis that has often been proposed to explain the Basin and
Range.

Tibet. The Tibetan plateau has been formed by the most
spectacular continental collision presently taking place on Earth,

between the Indian and Eurasian plates (Fig. 5). In the last year an

experiment was performed by F. Wu and T. Owens with assistance
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Fig. 6. Locations of South American
events used for measurement of

teleseismic S wave splitting, which
samples anisotropy beneath the

subducted slab beneath South

America. Most events do not show
clear signs of source-side anisotropy

(denoted by stars), except for the two
intermediate-focus events given by
the arrows. Orientation of arrows

indicates fast polarization directions

((()) estimated for the two events.

Contours (depth in km) of upper
surface of subducted Nazca plate

beneath Peru are shown. The
anisotropy shown by the arrows

appears to have been caused by a

disturbance in mantle flow due to the

abrupt change in slab geometry.

10°S

15°S
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from DTM. Randy Kuehnel participated in the field work, and data

analysis was performed at DTM. The shear-wave splitting results

have been striking. In the northern region of Tibet, we found some
of the largest delay times in the world (up to 2.3 sec), suggesting

that the deformation associated with plateau formation extends

some 300 km into the mantle! Equally striking is that only 100 km
north of the plateau, this signal is effectively gone. It is clear that we
have an abrupt change in deep-seated material properties at this

boundary. We expect these preliminary results ultimately to shed

light on the formation of the Tibetan plateau.

Flow Beneath Subducting Slabs

And what can we learn about plate tectonics and mantle

convection from this technique? For example, the asthenosphere,

the decoupling zone between the surface plates and slower-moving

mantle below, should be a localized, high-strain, and highly

anisotropic layer. Can we see the anisotropy? Thus far, not easily.

Based on how olivine deforms, such deformation should align the

fast polarization direction parallel to the absolute motion of the

plate, assuming that the mantle below is stationary.

We have recently completed a study of the splitting beneath

subducted slabs, using earthquakes that occurred within the slab

beneath South America and the western Pacific (Fig. 6). Since we
know the properties of the receiver using the phase SKS, we were
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able to determine the near-earthquake contribution using the direct

S phase (see Fig. 1). The earthquakes occur within the descending

slab such that the S waves will pass through the region, directly

below the slab, that should correspond to the high-strain

asthenosphere. To our surprise, we could not clearly identify an

asthenospheric component. Only in two unusual areas, where the

slab itself appears to be deforming, apparently perturbing the flow

in the mantle below, do we find strong splitting. One of these areas,

a contorted slab zone beneath Peru, has been studied previously by
DTM seismologists (Sacks, Schneider, and others).

Where is the Asthenosphere?

From our studies of the continents and the subducting slabs, it

remains a mystery why the asthenosphere has been so difficult to

observe. The idea of a high-strain decoupling zone between the

lithosphere and the slowly moving mantle below is central to plate

tectonic theory. One possibility is that the asthenosphere beneath

mature lithosphere is very thin, about 10-30 km. A second

possibility is that at asthenospheric conditions, the mantle minerals

do not develop LPO. (Perhaps the crystals simply rotate in response

to asthenospheric strain.) Conceivably, as a last resort, we may have

to reexamine our concept of the asthenosphere in the context of

plate tectonic theory.

A Look at the Lower Mantle

What about other parts of the Earth? We have even begun to

look at the anisotropy of the lower mantle. The basic feature of the

lower mantle is that it is virtually devoid of anisotropy. It is so

isotropic that the anisotropy accumulated by a shear wave through

its more-than-2000-km path through the lower mantle, is less than

that accumulated by a 15-km transit through continental crust. This

is more than a little surprising in that the phase thought to be most
common in the lower mantle, perovskite, in its orthorhombic form

(the form thought to be present at lower mantle conditions), is

about a third as anisotropic as olivine, the upper mantle mineral

most responsible for anisotropy. If it develops LPO much like

olivine, and if the strains in the lower mantle due to mantle

convection are coherent on a large scale, then the accumulated

delay times should be huge, on the order of several seconds, and
would all but swamp out the upper-mantle contribution. However,
in careful experiments to determine the lower mantle contribution,

we have thus far been unable to detect anything.

Three possible explanations come to mind. (1) The deformation
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in the lower mantle may not be coherent; random, small-scale

motions may instead prevail. (2) Perovskite may be in the

less-anisotropic, cubic form at lower mantle conditions.

(3) Perovskite may fail to develop LPO in response to strain.

Some of these possibilities can actually be tested. Deformation

experiments on perovskite at lower-mantle conditions could

determine whether it develops significant LPO, for example. Such
an experiment is in fact in the beginning stages, in collaboration

with postdoctoral fellow Charles Meade of the Geophysical

Laboratory.

Future Applications

As is clear from these examples, shear-wave splitting has a

wide range of applications, from the mantle's contribution to

ancient orogenic episodes in Earth's earliest history, to the

present-day structure of the lower mantle. Other features of the

deforming Earth are worthy of study: we have begun to look at the

anisotropic structure beneath hot spots, to see how they deform the

surrounding mantle, and we would like to explore the ocean basins,

which are nearly devoid of splitting measurements.

Short Reports

John Graham and Wen Ping Chen: The dies with a specific question: could colli-

Environments of Recently Formed Stars sions of these objects with the protoplaneta-

Some young stars are still deeply embed- ry nebula be responsible for the production

ded within the clouds from which they of the high-temperature chondrules that are

condensed, making it difficult to study, for found in meteorites and whose origin has

example, the disk-like protoplanetary nebu- been a puzzle for so long?

la of dust and gas left over from star forma-

tion. We are carrying out studies of stars in Caroline Edwards and Julie Morris:

this period of rapid change by means of in- Toward a Chemical and Physical

frared spectrometry of a 3-micron band ari- Picture of Subduction Zone Magmatism
sing from ice, which forms on the particles The use of 10Be to study subduction and

of the dust cloud prior to star birth. Once a volcanism at convergent margins was signi-

star forms it heats its surroundings, and ficantly strengthened when measurements

most of the ice evaporates, making the ice by our collaborator, Rice University profes-

band a very sensitive measure of change at sor W. P. Leeman, showed that elemental bo-

that time. Observations by us and others ron is an excellent mimic for 10Be, reflecting

suggest that in addition to the disk there are the extremely high concentrations of Bin pe-

optically dense clumps of residual material lagic sediments and altered oceanic crust in

of stellar size that move at velocities much comparison to any of the other potential

higher than expected in a planetary system. source materials for island arc lavas. Where

We are engaging Alan Boss in these stu- comparisons are possible, B and 10Be show
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excellent positive correlation, allowing B to

function as a proxy in arcs where 10Be

concentrations are low, a situation arising

when the subducting plate speed is slow (al-

lowing the radioisotope to decay away) or

the 10Be-rich uppermost sediments are scra-

ped off or the 10Be inventory of the subduc-

ting sediment column is low. In studies of

Indonesian lavas, simple systematics be-

tween the ratio of boron to stable 9Be and

the Sr, Nd, and Pb isotopic compositions

clearly identify materials coming from the

downgoing plate, as distinct from heteroge-

neous mantle. We find that the alkaline la-

vas come from a mantle unaffected by re-

cent subduction modification, while the

closely associated calc-alkaline and tholeii-

tic lavas come from a mantle mixed with

slab-derived materials. These chemical rela-

tionships paint an increasingly detailed phy-

sical picture of the subduction zone environ-

ment using a technique which may be

applied in all volcanic arcs.

Richard Carlson, Steven Shirey, and
Graham Pearson: The Roots of the

Continents

Workers in the DTM geochemistry

group attempt to answer questions on me-

chanisms of continent formation (by exami-

ning the most likely means of continent for-

mation—volcanism above subduction

zones) and on the means of continent survi-

val. Research on the latter focuses on the ex-

istence of deep sections of rigid mantle be-

neath old continental areas. Using the

newly developed Re-Os isotope system (see

Year Book 90), in collaboration with the Geo-

physical Laboratory's Joe Boyd and Nick Po-

khilenko, we have shown that mantle deple-

ted by the extraction of partial melt more

than 2 billion years ago extends to depths

greater than 200 km beneath the ancient

continental sections in southern Africa and

Siberia. In studies of flood basalt volcanism

made with Kenneth Klewin of Northern Illi-

nois University and Rob Ellam of the Scot-

tish Universities Research and Reactor Cen-

tre, we show that these keels interact with

and influence the composition of magmas
that penetrate them from below. These

thick, chemically distinct keels to the conti-

nents thus help to define the distinctive

composition of continental crust and pro-

vide the additional buoyancy and rigidity

that a continent needs to survive on the ac-

tive Earth.

Alan Linde and Selwyn Sacks: Bore-

hole Strainmeter Observations of a

Volcanic Eruption

Sacks-Evertson borehole strainmeters,

developed at the Department, provide unpa-

ralleled sensitivity and bandwidth in moni-

toring deformation of crustal rocks; such ins-

truments are now deployed in a number of

tectonically active areas, including Iceland.

Iceland is of great geophysical interest be-

cause of its location on a spreading center as

well as on a hot spot. It is in anticipation of

the next spasmodic separation event that

we have, in cooperation with the Iceland

Meteorological Office, installed seven strain-

meters in southern Iceland. The value of

these continuously recording instruments

was demonstrated in a rather spectacular

manner during the January 1991 eruption of

Hekla volcano, when unequivocal strain

changes were recorded half an hour before

the eruption. Volcanos often exhibit signs

that an eruption will soon take place. (The

great success of the U.S. Geological Survey

in giving adequate warning, to all who ca-

red to heed it, before the eruption last year

of Pinatubo is an example of this kind of

prediction. But the instruments deployed

near Pinatubo were unable to respond to

phenomena that signaled the bursting of the

barrier restraining the magma and thus pro-

vide a precise short-term prediction of vio-

lent eruption. As a result, a large airplane

lost all engine power through the intake of

ash; fortunately it was able to land safely.)

The Department's strainmeters in Ice-

land recorded an unprecedented strain

change at an instrument 15 km distant from

the volcano half an hour before the first sur-

face eruption indications; more distant ins-
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truments showed smaller but still large

strain changes in the opposite sense. Our
calculations show that the nearer strain

changes were due primarily to the opening

of a conduit to the surface to allow escape of

magma from a source more than 5 km be-

low the surface, while the more distant

changes reflect the emptying of that cham-

ber. The practical use of such information is

so obvious that one must be reminded of

the scientific utility in studying volcanoes.
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In experiments using the diamond-anvil cell at the Geophysical

Laboratory, Willem L. Vos and colleagues observed the growth of a solid

compound of nitrogen and helium bonded, not covalently, but by van der

Waals forces. Shown here, HedSkhi crystal growth at 8.9 GPa within the

diamond-anvil cell. Top: at 315 K, the crystal, at left, is seen within a

nitrogen-rich fluid. Middle: at 308 K, the crystal has grown larger from

the decomposition of the nitrogen-rich fluid into the solid phase; one of

the crystal's growth directions has pressed against the transparent

diamond face that is parallel to the plane of the paper and disappeared.

Bottom: at 305 K, further crystal growth is evident, along with a

helium-rich fluid phase, seen as rounded gas inclusions in the crystal and

as several prominent bubbles within the diminishing space occupied by

the original fluid. See Short Report by Vos, page 98.



The Director's Introduction

This year's report from the Geophysical Laboratory includes

two topical essays by staff members—a description of how
Greenland's famous Skaergaard layered igneous complex was
formed, and a discussion of recent laboratory techniques that

provide new information on ratios of stable isotopes at very high

spatial resolution.

The Skaergaard Intrusion is famous because of its size and
spectacular exposures, showing rhythmic layering that developed

as the magma crystallized. Neil Irvine spent several field seasons in

Greenland mapping and studying the Skaergaard, and he reports

here his interpretation of how this intrusion took place (pp. 91-96).

A goal for many geochemists is to make reliable measurements

of chemical and isotopic compositions of smaller and smaller

samples. For analysis of stable isotope ratios such as 160/ 180, it has

been particularly difficult to work with tiny samples because in

every experiment the oxygen had to be converted to a gaseous form

prior to analysis in a mass spectrometer. In 1989, postdoctoral

fellow Zachary Sharp used a C02 laser to vaporize a tiny amount of

a mineral in a fluorinating atmosphere. This technique has proved

to be of great interest to the geochemical community, and several

laboratories around the world are using laser fluorination or are

building apparatus to take advantage of the technique (see pp.
89-91).

Several short reports describe other activities being pursued by
our staff members, fellows, and associates, particularly in the fields

of high-pressure research and biogeochemistry. Postdoctoral fellow

Willem Vos describes a new high-pressure phase, He(N2)n, that

87
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contains relatively inert atoms and molecules bound together by
van der Waals forces (p. 98). Staff associate Yingwei Fei is using a

diamond-anvil cell with external heater to pursue high-pressure,

high-temperature phase equilibrium experiments at the National

Synchrotron Light Source. This work, and that of postdoctoral

fellow Michael Hanfland, Russell Hemley, and Ho-kwang Mao on
synchrotron infrared spectroscopy, illustrate here the continuing

commitment of our research staff to the use of synchrotron

radiation facilities (pp. 96-97).

Contributions from our biogeochemists include comments from

Tom Hoering, who is interested in the organic processes leading to

the formation of petroleum, and predoctoral fellow Beverly

Johnson, Marilyn Fogel, and former postdoctoral fellow Gifford

Miller, who report on the analysis of stable isotopes in fossil ostrich

eggshell (pp. 97-98). Much of the current research of the

biogeochemistry group is described in the recent Carnegie

publication, "The Chemistry of Ancient Life," written by Patricia

Parratt Craig.

In a short report related to the nature of magmas, Bjorn Mysen
and John Frantz note new techniques for in situ investigation of

silicate melts using Raman spectroscopy. In contrast to

investigations of crystalline materials, it is much more difficult to

obtain reliable structural information on amorphous materials such

as silicate glasses and even more difficult to determine structures of

high-temperature melts. Using a high-resolution Raman
spectrometer and a furnace for melting tiny samples of silicates,

Mysen and Frantz have been able to measure Raman spectra of

melts at temperatures as high as 1600°C (p. 98).

The Geophysical Laboratory has long been recognized for its

experimental work, but recently our efforts in advancing the theory

of geological and other solid-state materials has been greatly

augmented by the work of Ronald Cohen and several postdocs,

including Zhaoxin Gong, John Purton, and Lars Stixrude, along

with visiting investigator Donald Isaak. This group is using a

number of computers, including a Cray 2 at the National Center for

Supercomputing Applications (University of Illinois) and

high-speed workstations at the Geophysical Laboratory. Some of

Cohen's results were featured on covers of Science and Nature

during the year.

F. R. Boyd, Yingwei Fei, and postdoctoral fellow Connie Bertka

have just begun operating our new multi-anvil high-pressure

apparatus, designed for phase equilibrium and synthesis

experiments at pressures and temperatures at least to 20 GPa and
2000 °C. This apparatus is a two-stage, split-cylinder design similar

to one developed by E. Ohtani in Japan and adapted by David
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Walker of Lamont-Doherty Laboratory. It uses a 1000-ton hydraulic

press that was already in use at the Lab; the steel anvils were

fabricated in a Baltimore machine shop, thus demonstrating our

capability of designing and building improved versions of

high-pressure equipment in the future.

—Charles T. Prewitt

Laser Fluorination in Stable Isotope Geochemistry

by Douglas Rumble and T. C. Hoering

Several of the geochemically interesting light elements

(hydrogen, carbon, nitrogen, oxygen, and sulfur) consist of

mixtures of stable isotopes whose abundances can be readily

measured with high precision by mass spectrometry. The isotopic

forms of an element differ only in their mass and have, to a first

approximation, identical chemical properties. Measured precisely,

however, their chemical properties differ slightly.

The ratios of the stable isotopes of these elements

eU^H, 13C/ 12C, 15N/ 14N, 180/ 160, and 34S/ 32
S) are not

quite constant in nature because of differences in the

thermodynamic and kinetic properties of isotopically

substituted molecules. For example, the equilibrium

constant for the exchange of oxygen between calcite

(CaCOs) and water differs by as much as four percent when
the common 16

is replaced by the heavier 180. This change

in equilibrium is temperature dependent, and forms the

basis of the oxygen-isotope paleotemperature method that

has been valuable in deducing ancient climatic variations.

Similarly, there are differences in the rates of chemical

processes for isotopically substituted molecules. For

instance, 12C02 is fixed 2-4% faster than 13C02 during

photosynthesis by plants, the extent of the isotope

fractionation depending on the biochemical mechanism of

carbon dioxide fixation. Such effects have been used to

determine the diet of fossil organisms.

Analysis of stable-isotope ratios is also useful in tracing

the passage of a specific body of matter, be it molten lava or

ground water, through Earth's crust. In arid regions, for

example, measured values of 2H/ aH and 180/ 16 in water

of an oasis readily reveal the source of the water to be

rainfall or snow at high elevations in mountains rimming
the desert.

Doug Rumble

Thomas Hoering
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Until recently, the spatial resolution in performing isotopic

analysis has been coarse—limited to the centimeter level by existing

methods of sample preparation. Samples could be obtained by
drilling powders from mineral surfaces with a diamond-tipped

drill, but the drill holes were a millimeter or more in diameter and
spaced several millimeters apart. Such spatial resolution cannot

accurately characterize microscopic mineral growth structures

where concentric growth zones tens of microns in thickness record

unique information on evolving environmental conditions. The
inadequacy of conventional resolution in isotopic studies became
especially frustrating inasmuch as micron-sized chemical zonation

structures in minerals had been studied for decades with the in situ

microanalytical capability of electron-beam microprobes and

microscopes. The likelihood of the existence of similar isotope-

zonation structures was undoubted, but the features could not be

measured. Clearly, strong motivation was growing for the

development of an in situ microanalytical capability for studying

stable isotopes.

The Geophysical Laboratory has been at the forefront of

developments in microanalysis of stable isotopes. Postdoctoral

fellow Z. D. Sharp (now at Universite de Lausanne) in July 1989

performed the historic first laser fluorination of silicate minerals for
i8q/i6q analysis. Laser fluorination is a technique that makes use

of a tightly focused laser beam to achieve spatial resolution. The
laser beam is used to heat a small spot (100-300 microns in

diameter) on the surface of a mineral immersed in a fluorinating

atmosphere. The heated portion of the mineral reacts with fluorine,

releasing oxygen quantitatively for isotopic analysis, but the

unheated remainder of the mineral does not react. In 1990, Sharp

demonstrated successful 180/ 16 analysis of powdered samples of

the minerals quartz, feldspar, kyanite, olivine, diopside, garnet,

muscovite, and biotite. Sharp and, shortly afterward, postdoctoral

fellow C. M. Schiffries (now at American Geological Institute),

showed that high-precision analysis of spots on polished quartz

slabs, termed in situ analysis, could be made with a reproducibility

of one part in ten thousand. Following Sharp's success, new laser

fluorination facilities were established at the U. S. Geological

Survey, the Universities of Michigan, Wisconsin, Southern

California, and London, and at the University of Arizona (by

former postdoctoral fellow M.D. Barton), at Dartmouth College (by

former postdoctoral fellow C. P. Chamberlain), and at the

Universite de Lausanne (by Sharp).

Recent work on laser fluorination at the Geophysical

Laboratory seeks to capitalize on early successes by applying the

new techniques to measure mineral growth structures. There is
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continuing research, as well, (1) to expand the list of minerals that

can be satisfactorily analyzed and (2) to decrease the minimum
required sample size, thus improving spatial resolution. Staff

members D. Rumble and T. C. Hoering, with research associate J.

M. Palin (now at California Institute of Technology), have shown
that sulfide ore minerals such as sphalerite (ZnS), galena (PbS), and

chalcopyrite (CuFeS2) can be analyzed for 34S/ 32S and 33S/ 32S by

laser heating in a fluorine gas atmosphere. The laser-heated sulfide

mineral reacts with F2 , forming SF6 gas. The SF6 gas is purified and

analyzed in a mass spectrometer for three of the four sulfur

isotopes

—

32
S,

33
S, and 34

S. The newly developed laser sulfide

fluorination technique will be used in a study of sulfide minerals

obtained in drill core samples from the Creede, Colorado, ore

district.

Postdoctoral fellow E. D. Young has discovered oxygen-isotope

growth zones in the minerals garnet and quartz from metamorphic

rocks collected at Gassetts, Vermont. His discovery of concentric
i8q/i6q zones m the two minerals, and uniform l80/ l6 in

coexisting staurolite, makes it possible to deduce the evolution of

environmental conditions during metamorphism. The isotopic

zones are important because they record evidence of the infiltration

of water during garnet resorption and growth that is otherwise

unobtainable.

Emplacement of the Skaergaard Intrusion

by T. Neil Irvine

The Skaergaard Intrusion is a body of layered gabbroic igneous

rocks located on the shore of Kangerdlugssuaq (an Inuit name
meaning "big fiord") along the east coast of Greenland just

north of the Arctic Circle. The intrusion formed in Eocene y
time, about 54 million years ago, by solidifying below the

Earth's surface from a large pocket of magma (molten rock)

compositionally similar to basaltic lavas that were erupted y
volcanically in the area at that time. Through subsequent

erosion, it is now beautifully exposed (Fig. 1). The
intrusion was discovered in 1930 by a British geologist, L.

R. Wager (who eventually became professor of geology at

University of Oxford), and in consequence of its

extraordinary features and his remarkable work, it soon

became geologically renowned for the insights it had
yielded with respect to magmatic processes. Because of its Neil Irvine
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Fig. 1. Helicopter view of a cliff exposure, some 200 m high, showing some
of the igneous layering in the Skaergaard Intrusion. The layers formed by
accumulation of newly crystallized mineral grains on the floor of the magma
chamber (somewhat like sediments accumulate on the bottom of a lake or

sea). The prominent large fragment of light-colored rock in the middle of the

cliff represents material that originally froze against the roof of the chamber.

It broke loose while the magma was solidifying and settled onto the layers

that had formed up to that time. A zone of slight gold enrichment, 1-2 m
thick, occurs in layers just below the fragment. In the background, the island

partly surrounded by ice consists of Precambrian gneiss. It is on the far side

of the West Wall fault described in the text.

remoteness, however, few geologists had opportunity to see it until

the early 1970's; but since then, the Kangerdlugssuaq region has

been under continuous study by numerous American and Danish

investigators, and in 1986, Skaergaard attracted still more attention

when a Canadian mining exploration company discovered that it

contains a broad, thin zone in which gold is enriched to

near-minable grades.

At the present erosion surface, Skaergaard is oval-shaped,

measuring 10 km (from south to north) by 7.5 km. Its walls are

mostly inclined steeply inward, and gravity data indicate that it

extends downward for about 3.5 km. Although its roof rocks are

almost completely lost to erosion, various evidence suggests that,

when the magma body was emplaced, its roof contact was
relatively flat and the overlying rocks were several kilometers thick.

Despite all the study, however, the question of how space was made
for the intrusion has rarely been addressed. How were its host
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rocks displaced to accommodate the more than 100 km3 of molten

silicate material that solidified to the layered rocks that we now see?

In his pioneering work, Wager reasoned that, because the walls

of the intrusion converge downward, the displaced material had to

be expelled upward. He thought this material was mainly

low-density Precambrian gneiss, such as occurs around the west

and north sides of the intrusion, and he postulated that the gneiss

was shattered by an enormous volcanic explosion, and then, as the

denser gabbroic magma welled up from beneath, the fragmented

material floated upward to form a thick capping above it.

There are problems with this interpretation, however. The
gneiss that still adjoins the intrusion is not notably shattered; and
deep in the middle of the intrusion there are several large included

fragments of basalt that apparently represent the roof rocks. In

1991, the writer discovered that one of these fragments even

contains what is probably part of the original roof contact, with

chilled layered gabbro against the basalt.

There is also reason to reexamine the emplacement problem
from the perspective of plate tectonics. Skaergaard formed at the

time when Greenland was being rifted away from Europe during

the early stages of the opening of the North Atlantic, and the

Kangerdlugssuaq region is thought to have been associated with

the mantle hotspot or plume that is now identified with Iceland.

Regionally, Skaergaard was preceded in Eocene time by floods of

basaltic lava that covered an area of some 80,000 km2 to an average

depth of about 3 km. More locally, it was both immediately

preceded and shortly followed by dense swarms of narrow
fracture-filling basaltic intrusions called dikes; and several more,

larger intrusions were emplaced nearby. The surrounding rocks

were concurrently faulted and strongly extended; and among the

more conspicuous effects of the extension are several exceptionally

large "macrodikes" measuring from 200 m to almost a kilometer in

width. One of these macrodikes penetrated the east side of

Skaergaard just after it had solidified.

The concept of Skaergaard emplacement presented here is

based on many field relations and on gravity data. It is built around
four faults that are partly expressed as topographic lineaments but

whose existence necessarily is largely inferred because they are

mostly located in places where the rocks are covered by water, ice,

or glacial debris. The interpretation is remarkably simple,

however—albeit difficult to illustrate. Figures 2 and 3 illustrate

some of the broader complications of the problem; Figure 4 shows
the simplicity of the proposed solution.

The host rock succession around Skaergaard consists of a base

of Precambrian gneiss overlain, first by a thin unit of Cretaceous
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Vandfaldsdalen
macrodike

Fig. 2. Block diagram showing
the fault displacements proposed
for the emplacement of the Skaer-

gaard Intrusion. The diagram
depicts the top of the basaltic

rocks (which have now been

mostly eroded away in the

immediate area) as being 4.5 km
above the Cretaceous sandstone.

The large arrows denote direc-

tions of crustal extension as

indicated by dike swarms that are

not illustrated. When Skaergaard

formed, the extension was east-

west (arrows 1); when the Vand-

faldsdalen macrodike formed, it

was north-south (arrows 2).

Fig. 3. Block diagram similar

to that in Fig. 2, but with the

basaltic rocks removed to

expose the Skaergaard

Intrusion and the Cretaceous

sandstone. Compare with

Fig. 4, and see text for

further explanation.
Precambrian

gneiss

Skaergaard outcrop outline



Fig. 4. Interpretive west-east cross sections through the Skaergaard Intrusion,

showing how space was made for the magma by displacement on the West and East

Wall faults. Diagram A shows the intrusion filling with magma; diagram B shows it

after it was solidified and intruded by a younger body called the Basistoppen Sheet.

The configuration of the floor in B is based on gravity data. Note how the block

dropped by the West Wall 2 fault forms a "stopper" in the inferred feeder dike.

Compare it with the stopper shown in the Vandfaldsdalen macrodike in Figs. 2 and 3.

sandstone, then by some 4-6 km of Eocene basaltic volcanic rocks

and gabbro sills. A main premise here is that the Skaergaard magma
was mostly intruded laterally into the basalt section just above the

sandstone as the magma chamber was opened by way of three of

the inferred faults—here called the West, South, and East Wall

faults (because parts of their surfaces eventually became the

chamber walls). The West Wall fault is the main break (Fig. 3). It is

an arcuate (concave eastward) fault inclined toward the intrusion.

The gneiss and sandstone on its east side have been downthrown
by about 2 km, and an important feature is that space for the part of

the chamber that is in the gneiss developed because the arc of the

fault became tighter with depth. The South and East Wall faults are

essentially continuous around a tightly curved corner (Fig. 2). In

their complete forms prior to erosion, they were mostly inclined

away from the intrusion, but the East Wall fault reverses dip

downward in its presently exposed lower reaches. Both these faults

are distinctive in that they mainly affect only the basalt; they do not

cause much if any displacement of the sandstone and gneiss (Figs.

3, 4). In combination, the West, South, and East Wall faults delimit a

"roof block" in the basalt that is the envisaged cover of the

Skaergaard magma chamber (Fig. 2). In contrast to the Wager
proposal, however, none of the host rocks were expelled upward.
Rather, the chamber was opened by depression of the gneiss and
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sandstone beneath the intrusion, and by downward displacement

of the basalt to the east and south (Fig. 4). Even the roof block

might have subsided slightly as the magma was introduced.

The main complication in this concept (and probably the main
reason it has not been entertained previously) is that it requires that

the sandstone-basalt contact on the west wall of the intrusion be

located at approximately the structural level of the roof contact,

whereas in fact, it can be seen against the west wall far below this

level (on a small island called Mellemo, denoted M in Figs. 3 and
4B). The fourth fault, named West Wall 2, alleviates this

discrepancy. Its original limits were necessarily within the

intrusion, and its function was to drop a lens-shaped slab of the

west wall containing the problematical sandstone and basalt

immediately after the magma body was in place (Fig. 4B). At the

present erosion surface, West Wall 2 is mostly under water, but it is

partly defined by a prominent topographic lineament (gully) in the

gneiss on the south shore of a large island called Kramers 0.

An intriguing further possibility concerning the West Wall 2

fault pertains to the Skaergaard feeder system. One of the

hallmarks of Skaergaard petrology is that the intrusion was quickly

filled with magma and then became mostly closed to further

additions. The possibility suggested here (Fig. 4B) is that the block

dropped by West Wall 2 became a "stopper" in the feeder,

effectively closing it off. Note that the possibility of a stopper is also

indicated for the Vandfaldsdalen macrodike on the east side of

Skaergaard (Figs. 2 and 3), where a visible block of basalt appears

to have dropped into the dike and through the Skaergaard margin

just where the dike enters the intrusion.

Short Reports

Yingwei Fei: Materials at High
Temperature and Pressure

An improved externally heated dia-

mond-anvil cell has been used to achieve

stable simultaneous pressures and tempera-

tures up to 80 GPa and 850 K routinely.

Using the new cell, P-V-T equations of state

of a number of materials (e.g., Mg2Si04-spi-

nel, Mg(OH)2 , FeOOH, FeO, H20-ice VII,

and NiO) have been measured by synchro-

tron x-ray diffraction. Phase equilibrium stu-

quenchable high-pressure and high-tempe-

rature phases. This accomplishment opens a

new field of study. We have determined the

melting curve of ice VII to 20 GPa, located

the P-T boundary of the transformation be-

tween the cubic and distorted structures in

FexO, and studied the iron-water reaction at

high pressure and high temperature. The

equation of state and phase equilibrium stu-

dies in H2 and MgO-H^O allow us to ob-

tain the P-V-T properties of fluid-F^O at

high pressure and high temperature, which

dies with the diamond-anvil cell can now be cannot be readily determined by any other

extended to include reactions involving non- methods.
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M. Hanfland, R. J. Hemley, and H. K.

Mao: Synchrotron Infrared Spectro-

scopy of High-Pressure Hydrogen
Understanding the physical and chemi-

cal properties of dense solid hydrogen, spe-

cifically those associated with the transition

to the high-pressure metallic state, conti-

nues to be a major focus of the high-pres-

sure diamond-cell group at the Geophysical

Laboratory. One of the critical missing

pieces of information is the variation in

absorption and reflectivity at mid- to far-

infrared wavelengths, an effect possibly en-

tailing new physical phenomena. Measure-

ments in this wavelength range are not pos-

sible for small diamond-cell samples above

100 GPa using conventional optical tech-

niques because of the low brightness of

standard laboratory light sources. To over-

come this problem, during the past year we
developed a new technique for high-

pressure infrared measurements using syn-

chrotron radiation, which gives 1,000-

10,000 times the brightness of a conventio-

nal light source. We have applied this

technique to study vibrational transitions

in solid molecular hydrogen as a function of

pressure to 180 GPa. The data show that in-

termolecular interactions increase dramati-

cally with pressure, and that this occurs

well before the onset of metallization. The

spectra also provide constraints on the crys-

tal structure at pressures above 100 GPa. In

the next phase of this project, the technique

will be used to study the infrared electronic

excitations associated with metallization.

Beverly J. Johnson, Marilyn L. Fogel,

and Gifford H. Miller: Stable Isotopes

in Fossil Ostrich Eggshell

Ostrich eggshell provides a new subs-

trate from which carbon and nitrogen iso-

topes can be used to reconstruct paleodiets,

paleorainfalls, and the degree of physiologi-

cal stress of the egg-laying ostrich. Because

ostrich eggshell is ubiquitous at Late Quater-

nary archaeological sites, this information

can then be used to make paleoecologic re-

constructions in semiarid and arid regions

of the Old World.

An application of this technique is illus-

trated in Middle Holocene samples from Bir

Tarfawi, southern Egypt. Here, carbon and

nitrogen isotopes in fossil ostrich eggshell

demonstrate an increase in C4 plant

consumption, a decrease in rainfall, and an

increase in drought/protein-stress on the

bird during the period from approximately

9,000 to 6,000 years ago. Between 6,000 and

5,000 years ago, there was an apparent in-

crease in C3 plant consumption, while rain-

fall continued to decrease, and the drought/

protein-stress of the bird continued to in-

crease. These data demonstrate an overall

increase in aridity from 9,000 to 5,000 years

ago. The plant community adapted to the in-

creasing aridity, and the percentage of C4

plants increased from 9,000 to 6,000 years

ago. At 5,000 years ago, however, the major

plant species remaining were those able to

exploit the oases microenvironments (C3

plant species). Independently assessed pa-

leoecologic reconstructions are in agreement

with these.

Thomas C. Hoering: Monomethyl,
Acyclic Hydrocarbons in Petroleum

Hydrocarbon molecules having long,

straight chains of carbon atoms are ubiqui-

tous in sedimentary organic matter. Other

hydrocarbons having a long chain but a sin-

gle carbon branch point (monomethyl subs-

titution) are present at a lower concentra-

tion. Such compounds have long been

known, but it is only recently that they can

be quantitatively described, using new sepa-

ration and identification techniques.

It has been observed in petroleums ran-

ging in geological age from Miocene (ap-

prox. 20 million years) to Precambrian

(1,200 million years) that there is an expo-

nentially decreasing concentration of mole-

cules having branch points down the chain

towards the center of the molecule. Extant li-

ving organisms synthesize lipids (the parent

compounds of straight-chained hydrocar-

bons) having branch points predominantly

at the second and third carbon atom along
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the chain. Either ancient organisms in the

geological past had different pathways of li-

pid biosynthesis or, as seems more likely, a

non-biological chemical reaction caused the

branch point to migrate down the carbon

chain.

Such migration of groups down a car-

bon chain is caused by a well-known indus-

trial process, acid catalysis, that employs

the acidic properties of synthetic minerals.

Possibly a natural analog of this process oc-

curs slowly over geological time at the sur-

faces of minerals in sedimentary rocks. An
obvious difficulty with this hypothesis lies

in the fact that acid catalysis usually ope-

rates only in dry systems. The universal pre-

sence of water in sediments would hinder

the process.

Willem L. Vos: van der Waals
Compounds, a New Class of

Compounds
High-pressure science continues to yield

surprises: a solid compound of helium and

nitrogen was observed in experiments per-

formed with Larry Finger, Russell Hemley,

Jingzhu Hu, Ho-kwang Mao, and Jan Schou-

ten (University of Amsterdam). Independ-

ent of the starting composition of the sam-

ple, we always observed the same

transparent crystalline phase, with composi-

tion He(N2)n, grow at pressures in excess of

7.7 GPa at room temperature (see frontis-

piece). This compound is very intriguing,

not only because it is one of the first solid

helium compounds observed, but also be-

cause it is not a compound in the familiar

chemical sense; there are no covalent bonds.

The helium and nitrogen molecules interact

via essentially the same van der Waals

forces that cause deviations of ideal-gas be-

havior at ambient pressure. The explanation

for this phenomenon is sought in "packing"

effects: viewing He and N2 as marbles, they

arrange themselves in a 1:11 ratio in a struc-

ture which minimizes the volume, which is

energetically favorable under high external

pressure.

In the outer planets and their moons,

molecular substances similar to He and N2
are abundant under high-pressure condi-

tions. Therefore, the presence of van der

Waals compounds may be important for un-

derstanding the interiors of those bodies,

since they provide a novel way of bringing

together substances of very different sizes

that would otherwise not mix.

Bjorn Mysen and John Frantz: Raman
Spectroscopic Measurements at High
Temperatures

A new technique allows Raman spectro-

scopic measurements while at high tempera-

ture of amorphous and crystalline materials

to at least 1700°C. The method relies on

black-body avoidance through the use of op-

tical imaging of a laser ~l-mm beam on the

focal plane of the sample. Focal depth is on

the order of 30-50 mm. In combination with

a micro-heater/thermocouple system, our

technique is used to determine the structure

of amorphous and crystalline materials over

the entire temperature range relevant to

magmatic and hydrothermal processes.

We used the high-temperature, micro

-

Raman technique to determine the structure

and activity-composition relations among
structural units in alkali silicate melts in the

temperature range 25°-1651°C. We found

that the structural units observed in quen-

ched glasses persist in the liquid region. It

was also noted, however, that the equilibria

that describe the anionic structure are syste-

matically dependent on temperature and

the electronic properties of the metal cation.

We also made the observation that the activi-

ty coefficients of the structural units in the

melts depend only on their concentrations,

and are independent of temperature and

electronic properties of the alkali metal.

Thus, the stage is set to calculate quantitati-

vely liquidus phase relations from structu-

ral information from the melt on its liquidus.

These studies have been extended to in-

clude Al3+ because of the central role of this

element in natural magmatic systems.
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Bjorn Mysen: Roles of H2 in Melts

In investigating the role of H2 in peral-

kaline, depolymerized alkali alumino-sili-

cate melts, a study was conducted with che-

mical compositions modeling the structure

of andesitic magma near convergent plate

boundaries where H2 plays a central role

in the magmatic processes. It was found

that H2 interacts with the melt structure

in a complex manner involving alkalies, alu-

mina, and silica. There are systematic re-

lations to the Al/(A1+Si) of the melt so that

even though up to 30-50 mol % H2 results

in depolymerization of the liquid, the depo-

lymerizing effect of water increases with

Al/(A1+Si). At higher water content, H2

acts as a polymerizer. Therefore, the activity

of silica in andesitic magma will pass

through a minimum with increasing water

content, and will profoundly affect, there-

fore, the liquidus phase relations. Similar ob-

servations apply to other melt properties

that depend on melt polymerization (e.g.,

viscosity, density, diffusion).

Yingwei Fei, David Virgo, Bjorn

Mysen, Yanbin Wang, and Robert Luth:

Mossbauer Spectroscopy of Fe in

Silicate Perovskite

In an investigation of the crystal chemis-

try of Fe3+ and Fe2+ in silicate perovskite via
57Fe Mossbauer spectroscopy, a sample pre-

paration technique was used that apparent-

ly did not affect the structure of the material

thus resulting in topologies of the Moss-

bauer spectra appropriate for crystalline ma-

terials. From the spectra it was found that

ferric iron is always present, sometimes in

amounts approaching 25% of the total

amount of iron present. Two quadrupole

split doublets for Fe2+ were observed. The

exact interpretation of these two doublets re-

mains somewhat uncertain, but is consistent

with either (1) the presence of two crystal-

lographically distinct sites for Fe2+ or (2)

high distortion of the Fe2+-0 polyhedra and

location of ferrous iron off center of the poly-

hedra.
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The Director's Introduction

Early in 1989, the Institution's committee to visit the Department

of Plant Biology, in addition to carrying out its usual thorough

review and evaluation of the Department's science, took an

especially careful look at the Department's space situation. Not
only was the Department severely cramped but the existing

facilities were often not at all appropriate for our changing needs.

The Field group was partially in a wooden building that used to be

the head house for a giant and inefficient greenhouse, long since

replaced by six small modern ones. The Grossman group was split

by a wedge of space allocated to the Berry group, and was in

addition occupying some space formerly occupied by people

associated with the Briggs and Fork laboratories. Fork and his

co-workers were occupying a room previously used by associates

of Briggs to grow plants under continuous red light. Finally, Briggs

had taken over what had formerly been common instrumentation

space in the basement of the main lab. (All of the thrusts and parry

s

involved in reaching these arrangements had been conducted with

surprising tranquillity and acceptance, reflecting great credit on the

individuals affected. Whenever a large new instrument arrived,

there was thoughtful discussion and compromise as to who would
lose bench space to accommodate it. Some of these items were even

placed in an outside corridor behind the main biochemistry

laboratory.)

The visiting committee lost no time in recommending
significant expansion and reorganization of the available laboratory

space, studies were initiated, and an architectural firm was brought
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Ground-breaking for the new laboratory

facility was held February 25, 1991. Left:

Winslow Briggs (with shovel), Carnegie

president Maxine Singer, and guest

speaker Peter Raven (director of the

Missouri Botanical Garden). Above: staff

member Olle Bjorkman (right) with

emeritus staff member William Hiesey.

in. In due course the Institution's trustees authorized funds to

allow for the construction of approximately 10,000 square feet of

new space, along with renovation of approximately 3,000 square

feet of existing space. As part of the project, two buildings will be

removed: the combination wood and unreinforced hollow tile

building that Bjorkman has for many years used for gas exchange

and related studies, and something usually referred to as the Old
Algae House (so-named because it was old and leaky, not because it

housed old algae, although in fact it did contain not a few cells of

the latter). This latter building, currently housing supplies,

historical files, and unused equipment, is also built of unreinforced

hollow tile. With the removal of these buildings, the Department

will lose about 2,000 square feet, but it will also lose two severe

earthquake liabilities plus a significant amount of asbestos. (In the

process of preparing for the first phase of construction, the

Department unearthed from deep beneath the soil outside the

director's office window a 500-gallon underground storage tank

used in the relatively remote past for heating oil. Much to our relief,

the tank had not leaked, though it still contained several hundred

gallons of what had become unsightly sludge; thus another

potential environmental hazard is now safely disposed of.)

Recent visitors can attest that the Department is currently

happily surviving the chaos that comes with almost any

construction project. During the first phase, about four-fifths of the

new space was built, having been scheduled for occupancy within a

month of this writing. The entire Bjorkman, Berry, and Field groups

have moved into this new space. Shortly thereafter, the

above-mentioned demolition took place, construction of the final

new laboratory unit began, and renovation of the existing space
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started. As construction is moving on schedule, it is likely that by

the time this Year Book is published, the project will be virtually

complete. Grossman will claim the former Berry wedge (plus the

old but modernized head house), Briggs and Fork will terminate

Grossman's squatter's rights in the basement, and a general

relaxation and expansion will occur throughout the Department.

Special rooms will house scintillation counters and high-pressure

liquid chromatography apparatus, and for the first time the

Department will have a modern darkroom. Finally, there will be

available space for increasing the size of the Department's scientific

staff—another recommendation of earlier visiting committees.

The Carnegie trustees clearly would not have approved the

above project had the visiting committee given the Department less

than top marks for its science, and the productivity of the

Department during this past year under review has continued

apace. Berry's group has been working for many years to develop

models of photosynthesis at various levels, from the most

biochemical to the global, and, as is obvious from his somewhat
extended report below, is making some dramatic progress.

Likewise, the Grossman laboratory has been studying the

regulation of formation of the complicated light-harvesting

complexes in cyanobacteria almost since Grossman himself arrived

at Carnegie some ten years ago, and has made some dramatic

inroads into understanding such regulation in this elegant model
system.

This year the long-term theme of plant responses to and

defenses against environmental stress has focused sharply on the

effects of high light under unfavorable environmental conditions.

Fork and Bjorkman have between them elucidated three very

different ways in which plants can cope when the light gets too

bright (see pp. 117-119).

—Winslow R. Briggs

DevelopingModels for Photosynthesis that Work
on Whole Ecosystems

by Joseph A. Berry

Over the years, our laboratory has been constructing models of

photosynthesis starting at the biochemical level, progress-

ively broadening the models to the cellular, whole organ, canopy,

and ecosystem levels. We can now report significant progress at

several of these levels.
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To begin with, previous studies by our group and collaborators

have led to the development of an empirical model for regulation of

stomatal conductance—the capacity of small specialized "guard

cells" on the leaf surface to regulate the size of the pores, or

stomata, that permit exchange of oxygen, carbon dioxide, and

water vapor between the interior of the leaf and the

outside environment. The model subsumes

properties of the leaf itself and parameters of the

external environment. A very interesting aspect is

that the model requires that the stomata sense and

respond to changes in the photosynthetic capacity of

the underlying photosynthetic mesophyll cells of

the leaf. However, there is no known mechanism for

this kind of communication between these two cell

types.

Zoe Cardon, a graduate student in our

laboratory, has established this year that guard-cell

chloroplasts, much like the chloroplasts of

mesophyll cells, are able to carry out JosePh Berry

photosynthetic carbon dioxide fixation—until now
a major point of dispute. It is an attractive hypothesis that the

chloroplasts in the guard cells may play a key role in keeping the

sensory mechanisms of the guard cells informed of the

photosynthetic status of the leaf.

Several years ago, in collaboration with Graham Farquhar's

group in Australia, our group developed a detailed kinetic model to

describe photosynthesis that follows the so-called C3 pathway—

a

biochemical route in which the first stable products of carbon

dioxide fixation are three-carbon compounds. This model, based on

a pathway used by a majority of plant species, has found wide

application in the study of whole-leaf photosynthesis and forms the

basis of other models addressing photosynthesis on a larger scale.

This year, James Collatz has developed a model for C4

photosynthesis—the pathway in which the first stable products of

carbon dioxide are four-carbon compounds. This new model fills an

important gap, since C4 species are numerous in many habitats and

include several agriculturally important crop species (e.g., corn and

sugar cane). The model provides a simple, robust basis for

calculating stomatal conductance and photosynthesis of leaves of

C4 species under a wide range of environmental conditions.

Although the models just described permit accurate simulation

of the photosynthetic responses of leaves to conditions of natural

environments, it has been difficult to use them to describe the

responses of larger vegetative surfaces—e.g., grasslands or forests.

Such surfaces are generally formed by canopies of many closely



PLANT BIOLOGY 111

spaced leaves, and the leaves interact strongly in conditioning their

local environment. For example, leaves may be shaded by other

leaves, and within the canopy there may exist strong gradients

from leaf to leaf in the local temperature, carbon dioxide

concentration, or humidity It has been a major challenge to deal

with this complexity and yet keep models simple enough to be

useful for computational purposes. This year, Berry and Collatz, in

collaboration with Christopher Field of Carnegie and Piers Sellers

of NASA's Goddard Space Flight Center have developed a new
canopy-integration model. Their scheme is based on demonstrated

ecological theory concerning the adaptations of leaves to their local

environment. This canopy model provides a direct and simple

scheme for using the leaf models to estimate processes of

photosynthesis, water loss, and heat exchange on the much larger

scale of the canopy.

To test the extrapolation of models from the whole leaf to the

canopy level, the Berry group has moved to studying

photosynthesis and water loss on larger scales. This year, Gregory

Colello has begun working with the canopy model described above

to simulate whole-canopy heat, carbon dioxide, and water fluxes

for grassland canopies. He has been able to compare predictions of

the model with the data from careful and detailed measurements of

a grassland made in a large-scale study by Shasi Verma of the

University of Nebraska in 1986. Although Colello' s work is in its

infancy, the results to date show very encouraging agreement

between fluxes predicted by the model and those actually

measured under field conditions.

The accurate modeling of photosynthesis and related processes

is crucial to any understanding of global climate and potential for

climatic change. To date, those who model the atmosphere have

ignored the role of plants in regulating the exchange of mass and
energy between the atmosphere and vegetated land surfaces,

because accurate and robust models were simply unavailable for

anything else. The recent progress by our laboratory now allows an

approach more solidly based on plant physiology. The plant

biologists are collaborating with David Randall of Colorado State

University and Piers Sellers of NASA Goddard to incorporate the

physiological models and appropriate information on plant cover

and light absorption into an atmospheric general circulation model.

The goal of this modeling is to study mechanisms that may lead to

interactions between the biosphere and the climate.
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The Right Color at the Right Time:
A Cyanobacterial Chameleon

by Arthur Grossman

We have been studying light-harvesting in photosynthetic

organisms for many years. Our interests include trying to

understand the biosynthesis of fucoxanthin-based light-harvesting

complexes, which are prevalent in marine photosynthetic

organisms. The biosynthesis of the fucoxanthin-based complex, as

with the better-known light-harvesting complexes in

higher plants, requires that proteins from the

cytoplasm of the cell be imported into the plastid,

where assembly of the complex occurs. This import

has a novel mechanism, quite unlike that in higher

plants. It requires the initial passage of these

proteins into the endoplasmic reticulum membrane
system followed by their subsequent movement
directly to the plastid probably via lipid vesicles

where these vesicles may fuse with the plastid

envelope.

In this essay, however, I will discuss another of

our major interests—the events that regulate

assembly and degradation of phycobilisomes, the

light-harvesting complex in cyanobacteria and red

algae.

The proteins that assemble into the phycobilisomes do not have

to traverse plastid membranes to reach their site of assembly, as the

cyanobacteria have no plastids. However, the phycobilisomes in

these organisms are exquisitely sensitive to environmental

variations. The levels of the pigmented proteins in the

light-harvesting complex change with light intensity, and the

constituents of the complex may differ in different light qualities.

Furthermore, the entire complex may be rapidly destroyed when
the cells are limited in macronutrients.

This introduction to phycobilisome biosynthesis is aided by a

drawing depicting the structure of the complex, presented in Figure

1. The phycobilisome is the most prominent complex in the cell and

under some conditions may constitute 50% of the total cellular

protein. Numerous phycobilisomes cover the photosynthetic

membranes in both red algae and cyanobacteria. Photosynthetic

organisms containing phycobilisomes expend enormous quantities

of energy making, modifying, and at times degrading this complex.

As shown in Figure 1, the phycobilisome resembles a fan. The

Arthur Grossman
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Fig. 1. Drawing showing adaptation of certain cyanobacterial phycobilisomes grown in

green and red light, respectively (see text).

complex is composed of two domains, a core (depicted as circles in

the diagram) and rods which radiate from the core. These six sets of

rods, composed of stacks of pigmented proteins that have

aggregated into discs, give the organelle its fan-like appearance.

What are not shown in the drawing are the brilliant colors of the

pigmented proteins that are the light-absorbing constituents of the

complex. In the core of the complex is allophycocyanin (AP), which

is aquamarine. The discs of the rods that are proximal to the core

are composed of phycocyanin (PC), which is a brilliant blue, while

the discs that are distal from the core are phycoerythrin (PE), which

is a brilliant red. These proteins, called phycobiliproteins, are

pigmented by virtue of attached linear tetrapyrrole chromophores.

Such chromophores are very prominent in plant biology. For

example, a cyclized tetrapyrrole is the major building block of

chlorophylls of higher plants. A linear tetrapyrrole that is nearly

identical to the one associated with PC gives phytochrome, the

pigment that is involved in many physiological processes in plants,

its unique spectroscopic characteristics.

One major project that we have undertaken is aimed at

understanding the phenomenon of complementary chromatic

adaptation using the filamentous cyanobacterium Fremyella

diplosiphon. In this process, observed in a number of cyanobacteria,

the pigmented phycobiliproteins of the phycobilisome change in a

way that allows the complex to absorb the wavelengths of incoming

light energy more efficiently. For example, if a chromatically

adapting cyanobacterium is grown in red light the phycobilisome is

composed of AP and a preponderance of PC. The rods of such a

phycobilisome are composed almost exclusively of PC discs. The
blue-pigmented PC is very efficient at absorbing red light and in



114 CARNEGIE INSTITUTION

transferring that light energy to the photosynthetic reaction centers.

In contrast, when the cyanobacterium is grown in green light, PC is

synthesized at a much lower rate, and the red-pigmented PE
becomes the dominant constituent of the discs of the phycobilisome

rods. This PE can efficiently absorb the available green light, which
is thus used to drive photosynthesis.

A number of interesting physiological and biochemical

experiments were performed that have helped to define elements

controlling chromatic adaptation. First, based on wavelengths of

light required both to stimulate and to suppress the synthesis of PC
and PE, it was determined that a green/ red-light-absorbing

photoreceptor molecule was involved in controlling the PC/PE
ratio in the cell. Second, the effect of this photoreceptor molecule on

the stimulation and suppression of PC and PE synthesis could be

rapidly altered by providing a flash of either red light to

green-light-grown cells or green light to red-light-grown cells. The
characteristics of the spectral response associated with chromatic

adaptation suggested that the photoreceptor harbors a linear

tetrapyrrole chromophore (a bilin chromophore similar to the forms

in phycobilisomes); further, the photoreversible characteristics of

the photoreceptor suggested the possibility that it was a

phytochrome-like molecule. This was exciting to us and led us to

design experiments that would allow us to isolate genes encoding

the photoreceptor as well as other regulatory molecules involved in

the control of chromatic adaptation.

To use classical biochemistry to isolate the photoreceptor did

not seem tenable. If the photoreceptor had a bilin chromophore and

could efficiently absorb in the red and the green regions of the

visible spectrum, it would strongly resemble the light-harvesting

biliproteins that are so abundant in the cell. To find this

photoreceptor in an abundance of PC, PE, and AP would be

virtually impossible. Therefore, we developed a strategy combining

biochemistry and genetics that would allow for the identification of

molecules involved in the regulation of chromatic adaptation. First,

in collaboration with Winslow Briggs, we generated numerous
mutants that could not chromatically adapt properly. These

mutants were easy to generate and were readily identified, since

they displayed aberrant pigmentation in red, green, or both red and
green light. Such mutants were extensively characterized to

determine which of the phycobiliprotein genes were improperly

regulated. One such mutant was called the red mutant, or Fd33R.

This mutant accumulates high levels of PE and low levels of PC in

both red and green light. In essence, this organism is indifferent to

red light: it thinks that it is growing in green light all the time. Such

a mutant, which can't sense a particular light quality, may contain a
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lesion in the gene encoding the photoreceptor or in genes for

components of the signal transduction chain leading from

photoperception to altered expression of PE and PC. Once such

mutants were generated, the task was to find the gene containing

the lesion. To achieve this aim we had to develop a genetic system

for Fremyella diplosiphon. This filamentous cyanobacterium is not

readily transformable. (DNA is not readily taken up by the

organism.) However initial work done elsewhere by John Cobley

suggested that DNA could be introduced into F. diplosiphon by
conjugation (or mating) with E. coli. Two postdoctoral fellows in

our laboratory, Gisela Chiang and Michael Schaefer, took up the

gauntlet and developed and characterized a gene transfer system in

which a plasmid, containing origins of replication for both E. coli

and F. diplosiphon, was introduced into F. diplosiphon via conjugation

with E. coli.

To find the gene that was altered in the red mutant, they placed a

library of wild-type F. diplosiphon DNA into the plasmid, conjugated

the plasmid containing the recombinant library into the mutant

organism, and screened for organisms that were transformed from

the mutant to the wild-type phenotype. They did find one such

organism, and they characterized the piece of introduced, wild-type

DNA that could complement the mutant. Interestingly, this piece of

DNA contained a gene that encoded a response-regulator protein

similar to response regulators controlling the acclimation of many
bacteria to their environment. There are some unusual

characteristics, however, about this response regulator. First, it is

much larger than other response regulators. Second, it has two
regions that contain potential phosphorylation sites instead of just

one. These phosphorylation sites control the regulatory activities of

these proteins (see short report by Winslow Briggs, pp. 121-122).

This protein, like other response regulators, probably binds to the

DNA and alters the transcriptional activity of various genes.

We have begun to generate testable models that incorporate our

knowledge of the characteristics of photoperception, our

understanding of gene expression in the different light

environments, and the involvement of response regulators in

controlling that gene expression to explain the regulation observed

during chromatic adaptation. The continued use of the genetic

system to complement mutants in chromatic adaptation will enable

us to characterize the other elements in the regulatory circuitry and
determine the characteristics of the photoreceptor itself.

The system that we are studying, above, is a relatively simple

prokaryotic system. However there are certain striking parallels

between the control of chromatic adaptation and the control that

phytochrome exerts in higher plants. It is possible that the process
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of chromatic adaptation is an evolutionary precursor (or arose from

a similar precursor) of the phytochrome regulatory system. Thus,

understanding the molecular basis of chromatic adaptation may
provide a framework for understanding the molecular basis of

phytochrome action.

We are also beginning to probe the processes involved in

assembly and degradation of the phycobilisome. Once again we
have combined a genetic and biochemical approach. Perhaps the

most progress has been made in our exploration of phycobilisome

degradation. When cyanobacteria are deprived of macronutrients

such as sulfur or nitrogen, the phycobilisomes are rapidly

destroyed. While the cyanobacteria cease to divide after

phycobilisome degradation, they can survive in this "bleached"

state for several weeks. Recently, Jackie Collier, a graduate student

in our laboratory, has shown that phycobilisome degradation is an

ordered process. First, the terminal discs of the phycobilisome are

removed from the rod substructure; then whole rods are clipped

from the core substructure, and finally the entire phycobilisome is

destroyed. The rapid degradation that occurs during nutrient-

limited growth may be important for two reasons. First, it may
supply the cell with essential amino acids necessary to maintain

viability during the starvation period. Second, if the phycobilisome

were still functioning it would cause the generation of singlet

oxygen radicals (via excited chlorophyll molecules) which form

products that are toxic to cells (see short report by David Fork, pp.
117-118). To define the processes involved in phycobilisome

degradation Collier mutated cells with a chemical mutagen and

then screened (in low light to avoid photodamage) for mutants

which did not bleach during nutrient-limited growth. She obtained

such mutants and isolated the gene harboring the lesion by using a

wild-type recombinant library of genomic DNA to complement the

nonbleaching phenotype of the mutant back to the bleaching

phenotype of wild-type cells.

Much was learned about the bleaching process from these

studies. The gene that was mutated in all of the nonbleaching

mutants characterized was a small gene encoding a protein of 59

amino acids. This gene is activated under both nitrogen and sulfur

stress and appears to be directly involved in the degradation of the

phycobilisome. If it is made to be constitutively expressed in cells,

the phycobilisomes are continually being degraded. It is unlikely

that this protein is itself a protease, but it may function by making

the light-harvesting complex accessible to proteases. For example,

even though this small peptide has no resemblance to ubiquitin, an

almost universal protein that tags proteins for degradation in

eukaryotes, it may act in a similar manner by tagging the specific
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polypeptide components of the phycobilisome for degradation. It

may cause disruption of the phycobilisome structure such that the

dissociated building blocks of the phycobilisome may become more
susceptible to proteolysis. Alternatively, it may be involved in

specifically activating proteases in the cell that destroy the

phycobilisome.

The control of assembly, modification, and degradation of

macromolecular complexes in cells is a central problem of cell

biology. The model system that we have chosen for the exploration

of these processes involves the light-harvesting complex called the

phycobilisome. This complex exhibits enormous molecular

flexibility, which is governed by a number of different

environmental parameters. The work on the phycobilisome has led

us into unique areas of biology. We are exploring photoreceptor-

controlled biosynthetic processes involved in governing chromatic

adaptation. We are exploring the nature of photoperception in

cyanobacteria and the potential evolutionary link between

chromatic adaptation and phytochrome-mediated gene control in

higher plants. We are defining unique molecules that are involved

in the degradation of the phycobilisome, and possibly other

macromolecular complexes within the cell. With our increased

understanding of phycobilisome biosynthesis, I feel that our

knowledge has attained a global importance that reaches into the

world of both prokaryotic and eukaryotic cell biology.

Short Reports

David C. Fork: The Oxygen Hazard to ceptors of Photosystem I of photosynthesis.

Plant Health Although superoxide itself is not particular-

Although essential to most living things, ly reactive with cellular components, this ra-

oxygen can pose grave danger to plants, dical can react with other compounds to

which produce it as a normal product of form the highly reactive hydroxyl radical,

photosynthesis. The basis of this danger is This radical can indiscriminately inflict se-

that photosynthesis, which normally re- vere damage by oxidizing cell membranes,

duces carbon dioxide to useful carbohy- denaturing proteins, and inducing mutatio-

drates, has the capacity to reduce oxygen as nal damage in DNA. The photoreduction of

well, leading to the production of harmful oxygen is a common feature of photosynthe-

products. When carbon dioxide becomes li- tically driven electron flow in plants and

miting, for example in plants stressed by cyanobacteria, and these organisms (and all

high light intensities or low water availabili- other organisms that have to live with oxy-

ty, then the electrons generated by photosyn- gen) have evolved specific enzymes, termed

thesis can react with oxygen, converting it superoxide dismutases, which function to

into the superoxide radical through the in- catalyze the breakdown of superoxide radi-

teraction of oxygen with the electron ac- cals by a specific dismutation reaction into
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harmless products.

Stephen Herbert and Guy Samson, post-

doctoral fellows working in our laboratory,

collaborated with David Laudenbach, a

postdoctoral fellow with Arthur Grossman,

to inactivate the gene for superoxide dismu-

tase (sodB) in the photosynthetic cyanobac-

terium Synechococcus sp. PC 7942. Experi-

ments with this induced mutant showed

that superoxide dismutase plays a critically

important role in protecting the photosyn-

thetic apparatus against photo-oxidative da-

mage. By application of photoacoustic and

optical spectroscopy along with fluores-

cence analysis, these workers showed

conclusively in the mutant that the damage

induced by oxygen toxicity is located specifi-

cally in Photosystem I. These results have

eliminated much speculation about the in-

volvement of superoxide dismutase in the

protection of the oxygen-evolving Photosys-

tem II of photosynthesis.

The insights gained in this study can be

extended to higher plants even though the

types of superoxide enzymes vary from one

plant to the next. Furthermore, the availabi-

Dave Fork

lity of this mutant allows further study of

the critical role that these enzymes play in

the protection of the photosynthetic appara-

tus in plants in their natural environment.

Olle Bjorkman: Converting Excess

Light into Heat

A main focus of our group's ongoing re-

search is on the mechanisms by which

plants regulate the flow of light energy in

photosynthesis in natural environments,

and especially how they avoid damage to

the photosynthetic system when light be-

comes excessive. In recent years evidence

has been provided that an important mecha-

nism for the dissipation of excess light ener-

gy (before it reaches the stage of generating

superoxide anions, see report from the Fork

laboratory, above) involves the so-called

xanthophyll cycle. In this cycle, the carote-

noid violaxanthin is converted to zeaxan-

thin by stepwise removal of two epoxide

bonds. One recent working hypothesis is

that substitution of zeaxanthin for violaxan-

thin causes small changes in the fine struc-

ture of the chloroplast membrane such that

the excess light energy, instead of being

transferred to the reaction centers of Photo-

system II, is harmlessly dissipated as heat.

This hypothesis requires not only that vio-

laxanthin reside within the light-harvesting

complex of Photosystem II but also that the

zeaxanthin formed is localized in this com-

plex as well.

Susan Thayer and I have now been able

to demonstrate conclusively that in both cot-

ton (a plant possessing the C3 pathway for

carbon dioxide fixation in photosynthesis)

and maize (a plant possessing the C4 pa-

thway), about two-thirds of the violaxan-

thin is localized in the light-harvesting com-

plex of Photosystem II and the remaining

one-third in that of Photosystem I. More-

over, the zeaxanthin formed upon exposing

leaves to excess light has a distribution simi-

lar to that of violaxanthin, indicating that

the violaxanthin-to-zeaxanthin conversion

takes place within these two complexes. The

finding that violaxanthin and zeaxanthin
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are also present in Photosystem I indicates

that dissipation of excess light energy as

heat may take place not only in Photosys-

tem II as previously proposed, but in Photo-

system I as well. Such concurrent energy

dissipation within both photosystems could

provide a simple means of helping to main-

tain a balance between the energy reaching

Photosystem I reaction centers and that rea-

ching Photosystem II reaction centers. Such

a balance is required to maintain a smooth

flow of electrons from water to the carbon

compounds being reduced, without excess

accumulation or depletion of electrons at

any step along the way—either of which

could result in damage to the system.

Olle Bjorkman: Protective Chloroplast

Movement in High Light

One means of altering the amount of

light intercepted by a leaf is by reorientation

of the chloroplasts within the leaf cells.

When the light intensity incident on a leaf is

low, the chloroplasts are held in positions

with a minimum of mutual shading such

that light interception is maximized.

Conversely, within a minute after the leaf is

exposed to high-intensity light the chloro-

plasts start to reorient themselves such that

mutual shading is maximal and light inter-

ception is minimized. These changes are in-

duced only by light in the blue portion of

the visible light spectrum. In a recent study,

Bjorkman and Enrico Brugnoli were able to

show that in some leaves, for example those

of Oxalis oregana (an inhabitant of the floor

of redwood forests), such chloroplast move-

ments can cause a several-fold change both

in the light transmitted through the leaf and

in the light reflected from the leaf (in both

cases, not absorbed by chloroplasts). The

fraction of the incident light that is actually

absorbed by the leaf chloroplasts can

change by as much as 20% as a consequence

of chloroplast movements. Measurements of

the fluorescence emitted from the leaves

confirmed that the changes in light absorp-

tion and reflection are closely matched by

equivalent changes in the efficiency of light

utilization in photosynthesis.

In addition to providing some measure

of protection against excessive light, how-

ever, these leaf optical changes brought

about by chloroplast movement can also in-

convenience the investigator by causing a

large interference in assessments of photo-

synthetic performance that are based on

fluorescence analysis and measurement of

changes in leaf optical properties caused by

zeaxanthin formation. The latter changes

are valuable tools in monitoring the deve-

lopment of stress both in single leaves and

in the plant canopy. The present study char-

acterizing the kinetics, spectral changes,

and dependence upon environmental varia-

bles of chloroplast movement will provide a

basis for distinguishing between the

changes caused by chloroplast movement it-

self and those caused by fluorescence and

light- absorption changes associated with

zeaxanthin formation, thereby aiding future

field and laboratory studies of stress-indu-

ced energy dissipation.

Neil Hoffman: Envelope Proteins in

Chloroplasts

Although a tremendous amount is

known about the chloroplast proteins invol-

ved in the transformation of light to chemi-

cal energy and the reduction of carbon

dioxide to carbohydrates, surprisingly little

is known about the proteins contained in

the outer limiting membranes of the chloro-

plast—the chloroplast envelopes. To date, se-

quences have been published from only

four proteins located in these membranes,

though they clearly contain hundreds of dif-

ferent proteins. Chloroplast envelopes are

important sites of lipid synthesis and are al-

so an important barrier between the cyto-

plasm and the interior of the chloroplast.

Thus the envelopes contain proteins that re-

gulate the movement of important catalytic

and structural proteins into the chloroplast

as well as modulating the flow of metabo-

lites into and out of this organelle.

In our laboratory, graduate student

Amie Franklin, together with Philip Garrett-
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Engele, Laiqiang Huang, and Thomas Ber-

kelman have begun to clone and sequence

genes encoding chloroplast envelope pro-

teins. In particular, cloning of integral mem-
brane proteins—those extending deeply in-

to or penetrating through the lipids of the

membrane—are being used for studying

how specific proteins can be targeted to the

chloroplast from the cytoplasm. Proteins

with recognizable domains are being charac-

terized to elucidate their function. Recently

the group isolated a gene that, based on se-

quence similarity, encodes a calcium

ATPase—a protein that uses energy from the

hydrolysis of ATP to transport calcium

across the chloroplast membrane. A part of

the protein has already been expressed in

the bacterium Escherichia coli for use in gene-

rating antibodies to the native protein.

These antibodies react strongly with a pro-

tein from the envelope, but do not recognize

any protein from the interior photosynthetic

membranes.

The antibodies also react strongly with a

protein from the outer membrane of a cya-

nobacterium, Anacystis nidulans, and the

group has begun to isolate the cyanobacte-

rial gene for comparison with the higher-

plant gene sequence. In view of the prevail-

ing hypothesis that chloroplasts arose from

an invasion of non-photosynthetic cells by

some primitive cyanobacterium, it will be

particularly exciting to learn whether the

higher plant and cyanobacterial genes are ho-

mologous in sequence and structure. A cal-

cium ATPase is known in Anacystis nidulans;

our group plans to inactivate the cyanobac-

terial gene by mutation to see whether we
can complement it by transforming the cya-

nobacterial cells with the higher-plant gene

and restore the mutant's behavior to that of

wild-type cells.

Christopher Field: Plant Responses to

Increased CO2
Increasing atmospheric carbon dioxide

is one of the clearest signs that human activi-

ty is changing the Earth. Measurements of

carbon dioxide from glacier ice demonstrate

that the concentration of carbon dioxide in

the atmosphere (now just over 350 parts per

million or 0.035%) is higher than at any time

during the past 160,000 years. A century

ago, the carbon dioxide concentration was

about 280 parts per million. The role of carb-

on dioxide as a greenhouse gas, potentially

causing global warming, is widely discus-

sed both in scientific and nonscientific cir-

cles. Direct effects of increased carbon

dioxide on ecosystems, of perhaps compara-

ble importance, have received far less study.

Carbon dioxide is, of course, the subs-

trate for photosynthesis, and photosynthesis

in plants with the C3 pathway for carbon

fixation generally increases when plants are

exposed to short-term increases in carbon

dioxide. When plants are grown continuous-

ly under elevated carbon dioxide, photosyn-

thesis may or may not increase. Under-

standing the controls on ecosystem

responses to elevated carbon dioxide is the

primary objective of our recent experiments

in my collaborative project with H. A. Moo-

ney (Stanford University), F. S. Chapin (Uni-

versity of California, Berkeley), and E. A.

Holland (National Center for Atmospheric

Research). This study has been designed to

test the basic idea that increased plant

growth in response to elevated carbon

dioxide occurs only when (1) at least some

of the plant species in the ecosystem have a

genetically determined potential for more-

rapid growth and (2) growth is not strongly

limited by light, water, or mineral nutrients.

The study system for these experiments

are grasslands on relatively fertile and relati-

vely infertile soils on Stanford University's

Jasper Ridge Biological Preserve. The initial

experiments demonstrated that, in both eco-

systems, plant growth per se was quite insen-

sitive to elevated carbon dioxide, while phy-

siology was by contrast quite sensitive. For

example, plants grown under doubled carb-

on dioxide had only about half the rate of

photosynthesis of plants grown under at-

mospheric carbon dioxide levels when both

were measured at the same carbon dioxide
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concentration. Hence under chronic increa-

sed carbon dioxide, the plants cut back on

the machinery for carrying out photosynthe-

sis. Their photosynthetic capacity under the

higher carbon dioxide was the same as that

of the control plants under normal atmos-

pheric carbon dioxide concentrations.

In the next phase of the experiments,

which will begin in the fall of 1992, our

group will address two other issues. One is

the extent to which the observed changes in

physiology create a positive feedback loop

leading, through reduced decomposition

and decreased nutrient availability, to fur-

ther decreases in photosynthetic capacity.

Another involves the complex interrelation-

ships between inherent growth potential, wa-

ter, and nutrients, in experiments with con-

trolled composition of the plant community

and controlled resource availability. It is our

hope that understanding the feedback loops

mediated through the ecosystem, along

with species characteristics and resources,

will make results of these experiments gene-

ralizable to a wide range of ecosystem types.

Winslow R. Briggs: A Pair of

Blue-Light Surprises

Since 1988 our laboratory has been

concentrating on the isolation, purification,

and characterization of a blue-light-modi-

fied protein from the outer (plasma) mem-
brane of dark-grown pea seedlings. A num-

ber of phosphate groups attached to this

protein immediately upon blue-light irradia-

tion of intact tissue or isolated membranes

provided with a source of ATP to donate the

phosphate groups. There is now strong phy-

siological and genetic evidence that this

phosphorylation is associated with phototro-

pism—the process which enables plants to

grow toward a blue-light source. Timothy

Short and Philippe Reymond have recently

shown that the protein has an ATP-binding

site. This finding suggests that the protein

may itself contain the enzymatic activity to

perform the phosphate addition. They have

also shown that the effect of light is to acti-

vate this phosphate-donating (kinase) activi-

ty

Recently Katherine Warpeha obtained

sufficient purified protein to obtain amino

acid sequences for some small fragments, a

preface to isolating and characterizing the

gene. Much to our surprise, these sequences

were almost 90% identical to sequences

from a common animal protein known as

keratin, one of a whole group of so-called

intermediate filaments. These proteins are

well-known important structural elements

in many animal cells, and are undoubtedly

of considerable functional importance du-

ring animal cell growth as well. An anti-

body known to recognize a conserved set of

sequences found in all five classes of

intermediate filaments (and different from

the ones we obtained) recognized our pro-

tein clearly and unambiguously.

In comparing the protein in membranes

from previously irradiated seedlings with

dark controls (the phosphorylated protein

behaves slightly differently from the non-

phosphorylated), Warpeha received a se-

cond surprise. The plasma membrane

contained two more keratin-like proteins dif-

fering only slightly in size and much smal-

ler than the protein we had been studying.

These two plasma membrane proteins were

detectable only if they had been obtained

from plasma membranes isolated from the

irradiated seedlings, and were undetectable

in plasma membranes from dark control

seedlings. It has been known for more than

a decade that in addition to causing photo-

tropism, blue light also brings about a rapid

inhibition of stem growth in dark-grown

seedlings—a first step in reallocating re-

sources to build effective photosynthetically

active leaves as soon as light becomes availa-

ble. The rapid inhibition of stem growth is a

blue-light response completely separable ge-

netically from phototropism. The appea-

rance of the two small keratin proteins on

the plasma membrane requires the same

amount of light as rapid inhibition of

growth (and far more than phototropism)

and has the same time course as the rapid

inhibition of growth. It appears likely that
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we have serendipitously uncovered an early

step in a second blue-light-potentiated pro-

cess in higher plants, and the appearance of

keratin-like proteins on the plasma mem-
brane may be involved in the rapid inhibi-

tion of growth by blue light.
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Introduction

The central question of developmental biology is easy to

state: How does a small and seemingly simple fertilized

egg turn into a large and obviously complex plant or animal?

Answers to this question are possible at several levels of

analysis, and important insights have been provided from the

classical disciplines of morphology, embryology, and genetics.

In the early days, attention was focused by necessity on

describing the structural changes that take place as an embryo
develops. With improvements in microscopes and methods of

specimen preparation in the 19th and early 20th centuries, these

changes were studied in ever-greater detail. The Carnegie

Department of Embryology made major contributions in such

morphological analysis, especially in the description of human
embryos.

As the discipline of genetics matured, it gradually became

clear that the control of development lies in the genes. Many
genes were discovered in the fly Drosophila, in the mouse, and

even in humans, that had profound effects on the developing

embryo. Indeed, for nearly half a century it has been taken for

granted that development could be understood only by
discovering which genes were switched on and off at the

various stages of development and what controls the switching.

In many ways this was a frustrating realization, first because

almost nothing was known about how genes were regulated in

any system, let alone in embryos, and second because there was

127
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no way to study individual genes biochemically

Recent advances in molecular genetics have changed all

that. For the first time, developmental biologists can identify

the genes important in shaping the embryo, isolate them as

cloned pieces of DNA, identify and synthesize the proteins

which they encode, make specific mutations in the isolated

genes, and even reinsert the mutated genes back into the egg to

see how development is altered. Not surprisingly,

developmental biology is experiencing an explosion of activity,

excitement, and progress that will be seen in retrospect as one

of the great revolutions in science.

To take a single example, we now have a reasonably clear

picture of the major genes responsible for development in the

fly Drosophila. A recently published book, The Making of a Fly, by

Peter Lawrence, summarizes the astonishing extent to which

the main features of embryonic development can be referred to

the action of specific genes. Issues that for years were the

subject of vague speculation are now amenable to precise

molecular discussion. How are the axes of the embryo set up?

How are the body segments established? What distinguishes

ectoderm from mesoderm from endoderm? What makes one

cell turn into muscle and another into nerve? Genes that control

each of these processes have been cloned, sequenced, and

subjected to minute scrutiny.

One effect of the newfound ability to manipulate genes is a

blurring of the traditional lines between biochemistry, genetics,

and developmental biology. In a sense everybody is working on

some aspect of the same problem—finding out how genes

work—and for that purpose many different systems can be

used. At the Department of Embryology (an anachronistic

misnomer!), investigators study flies, frogs, salamanders, corn

(and other plants), worms, mice, yeast, and cultured cells. But

despite the diversity of organisms, the groups in our

Department share a common interest in gene activity.

In the following pages, the work from two of these groups

is discussed in more detail. Andrew Fire describes experiments

on muscle-cell development in the small worm Caenorhabditis,

and Don Brown outlines the work of his group on

metamorphosis in the frog Xenopus. Both illustrate the

application of the powerful new techniques of molecular

biology to classic problems of development.
—Joseph G. Gall
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How do Embryonic Cells Choose Their Fates?

by Andrew Z. Fire

During embryonic development, a single progenitor cell

(the fertilized egg) gives rise to many different cell types.

The resulting pattern of differentiated cell types gives the

organism both form and function, and must therefore be tightly

controlled. In order for different cell types to arise, asymmetries

must be set up in the embryo to allow some cells to differ from

both their mothers and sisters. We are interested in the

mechanisms by which cells choose their fates during

embryogenesis, and in particular in the means by which
developmental asymmetry is generated.

The nematode C. elegans is an excellent experimental

organism for addressing questions in developmental

biology. Embryogenesis proceeds rapidly (about 12 hr)

from single cell to a larval animal containing

differentiated tissues including skin, intestine, muscle,

nervous, and excretory systems. All of the 558 cells in

the newly hatched animal have been precisely mapped
out, both in their final positions and in the lineages that

give rise to them.

Much of our work with C. elegans has relied on DNA
cloning and microinjection technology, developed here lsl

and elsewhere over the last several years. These technologies

allow genes of interest to be isolated from the genome,
changed in specified ways, and then re-inserted into the

organism to test for function in a living system.

Our studies have focused on muscle cells, as these are

among the most abundant and easily identified. Muscle cells

are defined by their functional ability to generate force by rapid

contraction. Early in differentiation, cells destined to become
muscles can be distinguished by the presence of a set of

proteins called myosins, which subsequently assemble into the

machinery for cell contraction. C. elegans has two predominant
muscle types: muscles in the pharynx are used to grind food for

passage into the intestine, while muscles along the body-wall

are used for locomotion of the animals. At hatching, the animal

contains 81 body-wall and 37 pharyngeal muscle cells. The two
muscle types have distinct structures, with body-wall muscle

equivalent to striated muscle in vertebrates (e.g., leg and arm
muscles) and pharyngeal muscles closer to vertebrate smooth
muscle (e.g., the heart).

Andrew Fire



C. elegans embryo (size approximately 50 x 30 microns), courtesy J. Ahnn.

As a first step in characterizing the mechanism whereby
certain cells are chosen to become muscles, we are identifying

the relevant molecular entities: the genes and gene products

that promote and carry out the decision. When we started the

project in 1986, the earliest event known to distinguish muscle

cells was the onset of high-level production of messenger RNA
transcripts of the appropriate myosin genes. We therefore

began with myosin production as the developmental

"endpoint" in defining our search for regulatory components.

We asked two main questions. What is special about myosin
genes that allows their transcription in only muscle cells? And,
what is special about muscle cells that allows them to activate

only the appropriate myosin genes?

We are using four kinds of experimental criteria to analyze

potential regulatory elements and factors: localization, ablation,

transplantation, and biochemical assay. First, we ask if the

factor is present at the time and place where decisions occur.

Second, we remove the factor and assay for defects in the

developmental endpoint being analyzed. Third, we provide the

factor at a place where it would not otherwise exist and assay

for functional effects at the new location. Fourth, we study the

biochemical properties of the component in a simple isolated

system and try to correlate these with biological function.

Although any of the four criteria could indicate a role of a

given factor in normal development, none alone provides an

absolute test. Failure to detect a component at an expected

place and time could reflect an insufficiently sensitive assay.

Ablation of a single component could fail to produce an effect if
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other components are capable of fulfilling the same role.

Transplantation could prove unexpectedly negative, usually as

the result of a target location poorly suited for the expected

effect. Biochemical assays frequently require the cooperation of

many factors in a non-biological context, thus clouding

interpretation of negative results.

The potential for each experimental approach to miss

critical components, combined with the presumed complexity

of a multi-step developmental pathway, have led us to pursue

screening procedures using each of the four criteria above. As
candidate components are turned up in each screen, they are

characterized using the other criteria, with the eventual plan of

integrating information from the four approaches.

Biochemical Analysis

We identified a number of short DNA segments, located

around the myosin genes, termed "promoters" and
"enhancers," which appear by the four criteria above to be

responsible for myosin gene regulation. We characterized the

sequences originally by the observation that their deletion

results in a loss in gene activity. In addition, we determined that

promoter and enhancer sequences from body-wall myosin
genes can confer body-wall muscle specificity on genes not

normally expressed in muscle; equivalent sequences from

pharyngeal myosin genes confer pharyngeal muscle specificity.

Promoters and enhancers differ in their requirement for

proximity: enhancers can act anywhere in a relatively long

stretch of DNA, while promoter segments act only on
sequences to which they are directly adjacent.

Finer dissection of the enhancer sequences, by Verena

Plunger and Peter Okkema, has revealed internal complexity

that may illuminate the nature of the machinery by which the

enhancers function. Both body-wall and pharyngeal muscle

enhancers are made up of multiple sub-elements. Each

sub-element is inactive alone but can be concatenated or

combined with others to generate functional enhancers. These

new enhancers are active in the original muscle type, and can

also acquire additional activity in certain non-muscle cells. This

work has led us to the view that an enhancer is actually made
of several distinct "sub-enhancer" elements, which can

themselves have somewhat broader tissue specificities. For

activation of gene expression to occur, several sub-enhancers

adjacent to each other must be simultaneously active. This

allows the organism to generate a wide variety of precise gene
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activation patterns from a limited menu of broadly active

sub-enhancer elements.

The characterized enhancer sequences give us handles for

obtaining the factors responsible for muscle-cell-specific gene

expression. Using techniques developed by Singh and Sharp

(MIT) and Vinson and McKnight (CIW), Plunger and Okkema
have identified several proteins capable of specific binding to

the critical regions of the enhancers. To see whether these

proteins indeed mediate enhancer function in the organism,

precise DNA sequence requirements for binding in vitro are

being determined, and will be compared with sequence

requirements for enhancer function in vivo.

Transplantation Screening

For technical reasons, it is advantageous to use vertebrate

cells as "hosts" in order to identify factors capable of inducing

muscle differentiation in a novel context. Michael Krause and
Harold Weintraub at the Fred Hutchinson Cancer Research

Center identified a C. elegans protein, HLH1, which can induce

certain vertebrate tissue culture cells to differentiate as muscles.

HLH1 is structurally similar to a family of vertebrate proteins,

called the MyoD family, which similarly can induce muscle

differentiation. We have collaborated with Krause, Weintraub,

Bruce Draper, and Jim Priess at the Hutchinson Center in

analyzing HLH1 regulation and determining its role in C.

elegans embryogenesis.

HLH1 is expressed in a very intriguing pattern; expression

occurs both in muscles of the body-wall class and in their

parent and grandparent cells. At the earliest stages of

expression, the expressing cells show no overt muscle

differentiation and are distinguished primarily by their lineages

and positions in the embryo. In investigating regulatory signals

in the HLH1 gene, we have found a variety of elements active in

different subsets of muscle-cell lineages. These lineage-specific

signals are being defined more precisely with the goal of

identifying the corresponding lineage-dependent transcription

factors which control cell-fate decisions early in embryogenesis.

Mutations eliminating HLH1 should help to identify its

natural developmental function. Graduate student Lihsia Chen
has isolated two types of mutations: gamma ray treatment has

been used to isolate chromosomes with large deletions

including the HLH1 gene, while a chemical mutagen has been

used to generate a mutation affecting just HLH1 . Surprisingly,

embryos affected by either type of mutation still make all of the
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muscles made during normal

development. This result

indicates that HLH1 is not

essential for body-wall cells

to become muscles.

Mutant animals lacking HLH1
however, are not normal.

Although they function partially

in contraction, the body-wall

muscle cells in these animals are

much weaker than normal

muscles and are poorly coor-

dinated. All known muscle

structural proteins are present in

the mutant cells, leaving us with

a puzzle as to which feature of

these cells is defective.

The ability of HLH1 and

the vertebrate myoD family

members to induce myo-
genesis initially led to the

proposal that these factors

play a central role in the

choice of muscle-cell fate in

normal development. Several

possibilities would reconcile the current vertebrate models with

our data. First, other (as yet undiscovered) members of the

myoD family could exist in C. elegans and allow muscle

development in the HLH1 mutations. Second, myoD family

members might play a different role in vertebrate and C. elegans

myogenesis. Third, myoD factors could be required to generate

features characteristic of certain muscle types, with an
underlying muscle program carried out by other factors.

Current efforts are directed toward finding other factors

having properties similar to HLH1, and toward further

characterization of the defects caused by the elimination of

HLH1.

Microscope and manipulator for producing transgenic

nematodes.

Deletion Screening

Postdoctoral fellow Joohong Ahnn has begun to define

genes whose expression after fertilization is required for

subsequent muscle formation. Surprisingly, relatively few genes

having essential roles evident early in embryogenesis have been
uncovered. Many of the general components required for
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development are apparently provided to the embryo from the

parental gametes (sperm and oocyte). The scarcity of genes

whose expression is required early in development has enabled

us to screen various large genetic deficiencies, testing the

affected embryos for specific defects in muscle. In each case we
are analyzing embryos that lack a defined portion (1-5%) of the

genome. So far, about fifty characterized genetic deficiencies,

covering a combined 70% of the genome, have been collected

from other laboratories (at MIT, Caltech, Harvard, Washington
University, and Simon Fraser, and the Universities of British

Columbia, Minnesota, Missouri, Colorado, Wisconsin,

California, Tubingen, and Cambridge). In this screen we have

found just one genetic region which was absolutely required for

cells to adopt the body-muscle fate. All other regions tested

could be deleted from the embryonic genome without

eliminating body-wall muscle-cell formation (although in many
cases later defects in muscle-cell differentiation were observed).

At present, the one genetic region essential embryonically for

muscle formation is being narrowed down, and deficiencies

over the remaining 30% of the genome are being sought.

Expression Screening

Postdoctoral fellow Geraldine Seydoux has begun a screen

for genes having distinct expression patterns early in

embryogenesis. This screen allows a large number of DNA
segments to be tested for their ability to promote localized gene

expression. Once an interesting pattern is observed, the DNA
segment responsible can be retrieved, and the corresponding

genes in the chromosome characterized.

In particular, we are interested in DNA segments that

promote expression in early precursors of muscle cells.

Identifying the genes having this pattern of expression will

prove useful for two types of studies. First, the gene groducts

are candidates for components responsible for muscle-cell

commitment and differentiation. Second, independently of

assigning functional roles to the encoded products, we can

investigate how the genes activate in a limited set of early

embryonic cells. The latter studies should illuminate the

mechanisms by which the earliest asymmetries in gene

expression are set up by the embryo.
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How Tadpoles Turn into Frogs

by Donald D. Brown

The life cycle of most amphibians is divided into three

distinct periods—embryogenesis, tadpole, and frog. In

Xenopus laevis, embryo life takes about one week. The feeding

tadpole then grows for several months. When it reaches a

certain size the tadpole begins to form a thyroid gland which

produces thyroid hormone (TH). As the gland grows, the level

of TH rises slowly and begins to cause changes in the tadpole.

The first visible change is growth of the hind limb buds.

This is followed by growth of the forelimbs. The liver

increases in size from a tiny to a large lobulated organ.

The tadpole intestine is a simple long tube from

beginning to end. It changes to a complex but much
shorter gastrointestinal track with a stomach, colon, and

small intestine. The pancreas decreases about 90% in

total cell content and becomes a compact gland next to

the stomach. The tadpole's simple pronephros

differentiates into a typical complex vertebrate kidney.

Tadpole skin differs from frog skin. The frog heart has a

more complex structure than that of a tadpole. The
tadpole brain, its eyes, its entire nervous system is

remodeled during metamorphosis.

All of these changes are coordinated carefully and
controlled by TH. Each tadpole tissue responds to a specified

level of TH, so that the changing size of the thyroid gland and

the ensuing increased endogenous concentration of TH triggers

a precise sequence of changes. At the lowest concentrations, the

hind limbs grow; at the very highest concentrations, the tail

resorbs.

This TH-concentration dependence of different tissues can

be demonstrated by adding varying amounts of TH to young
premetamorphic tadpoles. The ability of the researcher to

control the process in this way is one of the technical

advantages in using this developmental phenomenon. In

addition, from years of endocrinological study, there is much
information on the interaction of the thyroid and the pituitary

glands. Application of inhibitors or removal of either gland

inhibit the process of metamorphosis. A final very important

feature of amphibian metamorphosis is its cell autonomy. At
some time during tadpole growth the various tissues become
programmed to respond directly to TH. This has been proven

Donald Brown
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for limb buds, tail, intestine, and other tissues by adding TH to

the isolated tissues in organ culture and demonstrating the

same changes that occur in vivo.

Metamorphosis exemplifies two kinds of developmental

phenomenon—the setting up of a program and the expression

of that program. The hormone induces the expression of the

predetermined program. Thus, for example, muscle cells in

limb buds are programmed to grow and muscle cells in tail are

programmed to die, both as a response to the same stimulus, a

simple hormone.

In 1985, an important discovery was made by Ronald Evans

at the Salk Institute and Bjorn Vennstrom in Europe. They
discovered that TH action on cells is mediated by its interaction

with a protein receptor, now called the thyroid hormone
receptor (TR). The TH-TR complex interacts directly with genes

within the nucleus, activating or repressing gene expression. In

the language of genetic biologists, the TR is a transcription

factor. The structure of TR is related to a previously identified

family of receptors that mediate the action of the various

steroid hormones. The discovery of the role of TR was a major

clue as to how TH might control the many changes of

amphibian metamorphosis, and it compelled us to begin a

long-term study of gene-expression changes during

metamorphosis. If the morphological changes are caused by
changes in gene expression, our challenge was to identify the

genes that are regulated by TH and its receptor. It is the sum of

such regulated genes that must make up the developmental

program of each tissue or organ.

We first identified the genes for two kinds of TR in Xenopus

laevis. These were cloned by postdoctoral fellow Yoshio Yaoita

and then characterized by him and Yun-bo Shi. Currently,

graduate student Brian Elicieri is analyzing the TR protein

molecules themselves in various tissues during metamorphosis.

However, it was clear from the start that Xenopus TR's are very

interesting molecules, themselves under control of TH
regulation. In fact, one of the earliest genes to respond to the

hormone is the receptor that is referred to as TR(3. Thus the

hormone induces synthesis of its own receptor.

The receptors themselves may account for two well-known

biological features of metamorphosis—the acquisition of

competence, and the mechanism for differential response of

tissues to the concentration of TH that was mentioned earlier.

Tadpoles acquire the ability to respond to exogenous TH a few

days after they begin to feed. This competence correlates closely

with the appearance of mRNA encoding one of the thyroid
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receptors (TRa). The ability of TH to up-regulate the TRp gene

may play a role in controlling the receptor level in different

tissues, which in turn might control the activation or repression

of thyroid response genes.

Once we had characterized the Xenopus thyroid receptors,

we turned our attention to identifying genes regulated by TH.
Postdoctoral fellow Zhou Wang developed a sensitive method
that would identify TH-induced up- and down-regulated genes

in a tissue. The definition of gene expression is the synthesis of

the gene's product—messenger RNA (mRNA). Therefore, when
a gene is up-regulated, it synthesizes more mRNA; when it is

down-regulated, its mRNA in the cell decreases in amount.

Wang's method begins by isolating the complex mixture of

mRNAs from a tissue that has been treated with TH (called +)

along with that from the same untreated tissue (called -). Those

mRNA copies of genes in the - mRNA that are not present in

the + mRNA will be products of down-regulated genes. Those
mRNA copies of genes in the + mRNA not present in the

- mRNA are products of up-regulated genes.

The two mRNA mixtures are copied back into DNA with

enzymes simply because it is technically easier to work with

DNA than RNA. The object is to remove all of the DNA
molecules that are common between the two mixtures, leaving

for study just those that are different. The technique for doing

this is called subtractive hybridization. By removing the

common gene copies, we enrich for the regulated gene copies.

The up-regulated and down-regulated DNAs are cloned and
sequenced. The sequence is compared to all recorded gene

sequences in the database with the hope that we will recognize

the protein that the gene encodes.

To date we have applied the subtractive hybridization

method to the two tissues that respond most dramatically to

TH, limb and tail, as well as to cultured cells and intestine. A
low level of TH causes limbs to grow; a high level of TH causes

tail to resorb. By identifying the kinds and numbers of genes

that respond to TH in these two tissues, we hope to understand

the two processes. In contrast, the intestine undergoes extensive

remodeling in response to TH levels.

The Tail

About two days after tadpole tails receive high doses of TH,
their resorption begins. The tissue dies and dissolves as a result

of catabolic enzymes. Zhou Wang has identified 16 genes that

are up-regulated and five that are down-regulated in tail in the
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Fig. 1. The change in expression of four up-regulated genes in the tail

following induction by TH. Two early genes (—O—, a zinc finger gene;
—•— , stromolysin-3) and two second-response genes (—A—, a p-zip

protein; —A— , collagenase) are plotted.

first 24 hours after addition of TH. The mRNAs are more than

sixfold up- or down-regulated, and range from moderate to low
in their abundance in tails. Most of the up-regulated genes are

expressed in all tissues as a result of TH induction, even in limb

buds which will grow rather than die. These genes respond

directly to the hormone, since inhibitors of protein synthesis do
not abolish the regulatory effect.

One of the most revealing discoveries has been an

estimation of the number of these regulated genes in the tail.

We calculate that there are about 30 up- and fewer than 10

down-regulated genes in the tail.

Furthermore, there are just two waves of up-regulation and
one of down-regulation prior to visible tail resorption (Fig. 1).

The first wave of up-regulation begins about 4-8 hours after

addition of hormone; the second wave is weakly activated by 8

hours and reaches maximal levels of induction during the

second day after hormone addition. We believe that this second

wave includes genes encoding enzymes that resorb the tissue.

Two of these (collagenase and stromolysin) have been identified

by comparison of their DNA sequences with the database.

When TH is added to competent tadpoles, these two genes are

induced in limbs, even though their expression is not elevated

during normal metamorphosis. To explain these paradoxes, we
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will need considerably more experimentation. However, it is

likely that the amount of TR and the extent that TH occupies

the receptor must play an important role in the activation of

each gene in the living animal.

Limbs

I have already mentioned that the genes found to be

up-regulated in the tail are also up-regulated in limbs by TH.

However, Leonard Buckbinder found a large number of

additional genes are also up-regulated in limb buds in the first

24 hours. We estimate that there are a minimum of 120 such

up-regulated genes. Their regulation has delayed kinetics, and

appears not to be due to a direct response to TH. A number of

these genes have been identified through the database, and

they have in common a relationship to growth. In fact, the first

morphological change that is visible 48 hours after hormone
addition is indeed growth of the limb bud. In the second 24

hours there is an increase in DNA replication, another feature of

growth. Growth and morphogenesis of the limb proceed for

several days until, finally, terminally differentiated gene

products appear. Between days 5 and 7 after addition of TH,

600

T3 (hrs)

Fig. 2. The change in expression of genes in the limb bud following induction by
TH. — —, an unidentified early gene; —O—, an unidentified down-regulated

gene; —•—, the gene for elF-4A, a translation factor; —#—, myosin; —G—

,

keratin. The vertical arrow denotes when DNA synthesis increases.
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there is a greater than 500-fold increase in myosin and keratin

mRNAs, which are products of the specialized cells comprising

muscle and skin, respectively (Fig. 2).

Limb growth is clearly more complicated than tail

resorption. We have identified four waves of gene expression in

the limb following TH induction; surely there will be more to

discover. In contrast, the tail has just two waves of gene

expression and differentially expresses a very small number of

genes. Within the identity of these genes lies the secret of the

program for death and resorption of the tail.

Gastrointestinal Track

A tadpole gastrointestinal track is a long, thin tube lined

with a single layer of epithelial cells. A frog Gl track has a

recognizable stomach, intestine, and colon. The intestine is

thick and convoluted, resembling that of other vertebrates

including mammals. A tadpole intestine is ten times longer than

that of a newly metamorphosed frog. The dramatic changes are

initiated by TH, and can be reproduced in organ culture to

which hormone has been added. Yun-bo Shi has carried out a

gene-expression screen with tadpole intestine. He has identified

about 20 different genes that are induced to change in their

expression by TH. Currently, sequencing and other

characterization of these genes is taking place.

The GI track transformations can be described as

remodeling—a process involving extensive cell death followed

by growth and formation of an entirely new organ, one that is

needed to accommodate the change in feeding habits from an

herbivorous tadpole's to a carnivorous frog's.

Tissue Culture Cells

Molecular biology provides the tools to identify regulated

genes, as I have just described. However, the fact that a gene is

regulated does not constitute proof that it has an essential

function in the process of metamorphosis. Therefore, we need

to devise assays to test the importance of each gene in the

waves of gene expression leading to the morphological changes

of metamorphosis. One promising system that we plan to

exploit uses Xenopus-cultured cell lines.

Methods developed by others enable the researcher to

introduce foreign genes into cultured cells and then assay the

influence of the new gene on cell functions. Akira Kanamori has

found that certain cell lines respond to TH by regulating a
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subset of the genes that we know are regulated in tadpole

tissue. Having identified several genes that are regulated in

cultured cells by TH, Kanamori is now attempting to identify

them by their sequences. The next step will be to introduce

wild-type and mutant versions of TR genes into cells to

determine if they influence the endogenous thyroid response

genes. This is one strategy for determining gene function in an
organism that is not suitable for traditional genetics.

Conclusion

Amphibian metamorphosis is an example of a complex

developmental phenomenon involving every organ and tissue

of a tadpole. Despite its complexity, it is controlled by the

concentration of a simple hormone. With the advent of modern
methods, we can now investigate this age-old problem with a

depth and precision that was unthinkable ten years ago. We are

learning about the expression of developmental programs
dealing with growth, death, and remodeling. Organogenesis is

accessible with such a system. Almost certainly, much that we
will learn about amphibian genes that respond to TH will be

relevant to our understanding of thyroid-based diseases of

humans, where problems are inaccessible to the kind of detailed

analyses that we can apply to amphibians.

News of the Department

Denise Montell, a staff associate, has accepted a position in

the Department of Biological Chemistry at the Johns

Hopkins Medical School. Her research has involved an age-old

problem of embryology, morphogenetic movements. During

embryogenesis, cells that originate in one part of an embryo
move at a precise time to their final destination. Montell is

studying genetic mutations that change the behavior of a group

of cells in the ovary of Drosophila whose defined movement
during oogenesis is essential for normal egg formation.

Catherine Thompson was appointed a staff associate in

January 1992. Her research interest is the influence of thyroid

hormone on the developing mammalian brain.

Susan Dymecki, a recent M.D./Ph.D. graduate of Johns

Hopkins Medical School, has been appointed a staff associate

beginning early 1993. Dymecki is trained as a molecular

immunologist. Her plan is to study an aspect of early
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mammalian embryology.

Pernille Rorth, a postdoctoral fellow with Steve McKnight
and Allan Spradling, has been appointed a staff associate

beginning in 1993. She will study a key transcription factor in

Drosophila.

Steven McKnight will leave the Department during summer
1992 to become the chief scientist of Tularik, a new
biotechnology company in San Francisco. McKnight and two
other scientists are the company's founders. The initial strategy

of the company is derived in large measure from the successful

research carried out by McKnight and his colleagues in the ten

years that he has been a staff member in this Department.

McKnight's interest in gene expression dates to the time he

arrived at our Department in 1977 as a postdoctoral fellow. He
soon became a staff associate and, working with his colleague

Bob Kingsbury, McKnight devised a powerful method to

analyze a DNA molecule for the exact regions that are

responsible for activating or repressing a gene. These regions

bind specific proteins called transcription factors. McKnight left

the Department for a few years and then returned as a staff

member in 1984. He soon began a search for proteins that bind

to the DNA controlling elements that he had just discovered.

This in turn led to the discovery of a new kind of DNA-binding
protein having an important domain that he named the

'leucine zipper." He realized that many important proteins fall

into this class. The zipper region binds to another protein

molecule with a similar structure, forming a dimer. It is this

molecule that binds to and activates genes. For these

discoveries McKnight has won many honors, including election

to the National Academy of Sciences in 1992.

The possibility that his detailed understanding of how
genes are controlled might be translated into a strategy for drug

development has lured him from basic science into this exciting

but risky endeavor. Steve McKnight will be missed by all of us.

He has been an ideal colleague whose contributions to all of our

research cannot be overestimated. A search for his replacement

has begun.

Irwin Konigsberg, a staff member in the Department from

1961 to 1966, died earlier this year. His most famous discovery

showed that cells from specialized tissues retain this potential

even when cultured outside the body. He demonstrated this by
isolating single muscle cells and watching them divide in

culture dishes and finally fuse to form strands of contracting

muscle fibers. Since 1966 he had been a professor of biology at

the University of Virginia.
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Our extensive seminar program was highlighted by the

Fifteenth Annual Carnegie Minisymposium, entitled "Pattern

Formation in Early Development/' Five speakers provided an

up-to-date account of how molecules that influence

development are deposited in certain regions of eggs and

developing tissues to control the next wave of changes and

ultimately the complex patterns that characterize all living

organisms.

Support of research in the Department comes from a variety

of sources. Steven McKnight, Allan Spradling, and various

members of their labs are employees of the Howard Hughes
Medical Institute. We are grateful recipients of individual

grants from the National Institutes of Health, the John Merck

Fund, the Arnold and Mabel Beckman Foundation, the

McKnight Endowment Fund for Neuroscience, the Leukemia

Society of America, the American Cancer Society, the Jane

Coffin Childs Memorial Fund, the Helen Hay Whitney

Foundation, the Damon Runyon-Walter Winchell Cancer Fund,

the Rita Allen Foundation, the Life Sciences Research

Foundation, and the March of Dimes. A grant to purchase small
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Short Reports

Nina V. Fedoroff newly transposed elements simply by pla-

We are continuing our studies of the ting seeds on a selective agar medium.

Suppressor-mutator transposable element We have done this by cloning a transpo-

of maize by analyzing the expression and sable element marked with both a promo-

regulation of its promoter in both transge- torless p-glucuronidase gene and a plant

nic tobacco plants and in transiently trans- promoter-driven bacterial drug-resistance

fected cultured cells. Our results indi- marker into the leader region of an herbi-

cate that the element's promoter is cide-resistant acetolactate synthase gene,

autoregulated by an element-encoded The mobilizing transposase is itself immo-
gene product, tnpA, which is also requi- bile and marked with a negative selecta-

red for transposition of the element. ble marker gene. Both transposon and

We have also developed a transposon transposase have been introduced into

tagging system for Arabidopsis thaliana ba- Arabidopsis plants by Agrobacterium-me-

sed on the Activator transposable element diated transformation. Plants with an ex-

of maize. The system is designed to per- cised element are herbicide resistant, and

mit the identification of plants having those that contain a reinserted element
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are resistant to the drug hygromycin.

Plants that lack the transposase gene can

be identified by resistance to the negative

selective agent napthalene acetamide.

Transposition events that result in the in-

sertion of the element in the appropriate

orientation near a promoter or enhancer

activate the (3-glucuronidase gene, whose

expression can be detected by a simple

histochemical stain. The system has pro-

ved efficient for the identification of

plants having transposed elements, and

we are presently accumulating such

plants and beginning their analysis.

Allan Spradling

The Drosophila Y chromosome

contains relatively few genes, and is rich

in repetitive DNA. Postdoctoral fellow

Ping Zhang has begun to study how the

structure of the Y chromosome changes

during development (see Year Book 90, pp.

128-133). DNA flanking P-element inser-

tions was found to contain members of se-

veral known transposable element fami-

lies, including HeT, gypsy, and Isl360

elements. These flanking regions were

normally represented in DNA from

adults, but were underrepresented in

DNA from ovaries or salivary glands. Fur-

ther study of these Y chromosome regions

will focus on the molecular mechanisms

that cause these changes in sequence rep-

resentation.

Mutations induced with single P ele-

ments that define a new gene called hu li

tai shao (hts) have been studied by gra-

duate student Lin Yue. Females mutant

for hts, which in English means "too little

nursing," produce eggs that develop with

a reduced number of nutritive cells called

nurse cells. Special channels known as

"ring canals" that join nurse cells with the

developing oocyte are defective; some

cells break off entirely, while others fail to

transport materials properly. The gene en-

codes a protein highly homologous to ad-

ducin, a mammalian protein found in the

membrane of red blood cells. The known

properties of adducin, such as its ability

to bind actin and spectrin, are providing

new insights into the formation and func-

tion of interconnected nurse cells and the

oocyte.

Joseph G. Gall

Our group is studying the synthesis

and processing of pre-messenger RNA
(pre-mRNA) in the giant nucleus of frog

and salamander oocytes. In earlier stu-

dies we showed that many RNA-proces-

sing components are localized on the

chromosomes at the sites of RNA synthe-

sis, but that the same components also oc-

cur in thousands of granules separate

from the chromosomes. We call these gra-

nules "snurposomes" because they

contain small nuclear ribonucleoproteins

(snRNPs, or "snurps"). It is probable that

snurposomes are sites for assembly and

storage of RNA-processing components

used in the oocyte and later in the em-

bryo.

Michel Bellini is studying a protein as-

sociated with the newly synthesized RNA
on the chromosome. By analyzing muta-

ted forms of this protein, he has shown
that one short region of the molecule is es-

sential for the chromosomal localization.

Michael Jantsch is interested in the

way proteins and RNA interact. His stu-

dies of a protein from the frog Xenopus

led to the discovery of a new double-

stranded RNA-binding motif. This motif

is found in a wide variety of proteins, in-

cluding the Drosophila staufen protein,

which regulates the polarity of the em-

bryo by binding certain mRNAs.

Douglas Koshland
Prior to chromosome separation du-

ring mitosis, replicated chromosomes (sis-

ter chromatids) exhibit two dramatic

structural features. They are highly

condensed and paired along their entire

lengths. Sister chromatids then move
apart as a consequence of interactions be-

tween the centromere, a multi-functional
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chromosomal organelle, and microtu-

bules, filamentous polymers of the mito-

tic spindle. The final position of the chro-

mosomes in the cell is specified by the

orientation of the spindle during mitosis.

We are analyzing mitosis in the yeast

Saccharomyces cerevisiae, to understand

how changes in chromosome structure oc-

cur, how centromeres assemble and func-

tion, and how the spindle is oriented. To

address these questions, we are using me-

thods that include classical and recombi-

nant genetics, in vitro microtubule-centro-

mere biochemistry, in situ hybridization,

and digital imaging microscopy.

Steven McKnight
During the past year we have focused

research efforts on the terminal differen-

tiation of adipose (fat) cells. Over a de-

cade ago Howard Green described a cul-

tured cell line, termed 3T3-L1 cells, that

can be cued to differentiate under hormo-

nally defined conditions. These cells can

be grown on a continual basis as undiffe-

rentiated fibroblasts. When exposed, how-

ever, to a defined cocktail of adipogenic

hormones, 3T3-L1 cells cease mitotic proli-

feration and take on the morphological

and biochemical properties of terminally

differentiated adipocytes. During the adi-

pogenic conversion process, huge

amounts of triglycerides are synthesized

and stored in the form of cytoplasmic fat

droplets. The process of adipogenesis en-

tails the ordered induction of a number of

"fat-specific" genes, which encode the en-

zymes and fatty acid- binding proteins

necessary for the synthesis and accumula-

tion of triglycerides.

Quite by coincidence we discovered a

correlation between the adipogenic

conversion process and the synthesis of a

transcription factor, termed CCAAT/en-

hancer binding protein (C/EBP). This

transcription factor is not present in undif-

ferentiated 3T3-L1 cells, yet appears

abruptly just as the cell begins to exhibit

the morphological properties of adipo-

cytes. Our colleague at the Johns Hopkins

Medical School, M. Daniel Lane, has

found that the C/EBP transcription factor

binds directly to regulatory DNA se-

quences of a variety of "fat-specific"

genes and is capable of inducing the pre-

cocious expression of these genes in undif-

ferentiated 3T3-L1 cells that are supplied

with exogenous sources of C/EBP.

Two recent observations provide evi-

dence that C/EBP plays a central regula-

tory role in adipocyte differentiation.

When a plasmid-borne gene encoding

C/EBP is transplanted into 3T3-L1 cells,

they are converted into mature adipo-

cytes in the absence of two key adipoge-

nic hormones normally required for termi-

nal differentiation (Umek et al., Science

251, 288-292, 1991). Such studies are bols-

tered by the recent work of Lane and col-

leagues, who have shown that 3T3-L1

cells incapable of expressing the C/EBP
transcription factor are also incapable of

terminal differentiation (Lin and Lane,

Genes & Devel. 6, 533-544, 1992).

The adipogenic conversion process en-

tails the cessation of mitotic proliferation.

Cells expressing C/EBP withdraw from

the mitotic cycle, possibly reflecting the

role of this transcription factor in growth

arrest. We are now engaged in studies fo-

cused on this putative activity of C/EBP.

Denise Montell

We are interested in the molecular me-

chanisms controlling the timing and direc-

tions of cell migrations during develop-

ment. During Drosophila oogenesis, 6-10

follicle cells (the border cells) undergo a

dramatic and stereotypic migration

through the developing egg chamber. We
have identified four independent P-ele-

ment insertion mutations that specifically

block such border-cell migration. They de-

fine a single, novel locus, which we na-

med slow bordercells (slbo) because hypo-

morphic alleles cause delayed onset of

the migration. Laser ablation of the bor-

der cells, or failure of their migration,
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causes improper morphogenesis of the

micropyle, the eggshell structure through

which the sperm enters at fertilization.

The slbo locus was found to encode a pro-

duct homologous to the CCAAT/enhan-
cer binding protein (C/EBP) from verte-

brates, a basic region-leucine zipper

transcription factor. The function of Droso-

phila C/EBP appears to be similar to that

postulated for mammalian C/EBP,

playing a role in elaboration of the termi-

nally differentiated state of various cells

after cell-type specification has occurred.

In the border cells, disruption of their dif-

ferentiation is manifested in their inabili-

ty to migrate. Identification of the trans-

criptional targets of Drosophila C/EBP
may reveal which additional proteins are

required for border cell migration. We are

currently looking for target genes using

subtractive hybridization techniques as

well as by screening for genetic interac-

tions.

Richard Pagano
My colleagues and I have been stu-

dying the synthesis and transport of lipid

molecules in animal cells. We wish to un-

derstand the molecular mechanisms that

direct lipid traffic in cells and to explore

the functional roles of lipids in intracellu-

lar signaling and the regulation of cell

growth. Much of our work involves the

use of fluorescent lipid analogs, which al-

low us to examine the movements of lipid

metabolites in living cells by high-resolu-

tion fluorescence microscopy and to corre-

late these data with more-classical bioche-

mical investigations.

Using this approach we have docu-

mented a number of different pathways

for intracellular transport, including the

movement of newly synthesized lipids

along the secretory pathway, the "recy-

cling" of lipids between the plasma mem-
brane and endocytic compartments, and

the molecular "sorting" of certain lipids

during intracellular transport. Our stu-

dies utilize a variety of cell types, inclu-

ding polarized epithelial cells and mutant

human skin fibroblasts obtained from pa-

tients with sphingolipid storage diseases.

We are in the process of further analyzing

some of these lipid-transport pathways,

and are also attempting to identify some

of the protein molecules responsible for

these different mechanisms of transport.

Nipam Patel

During embryonic development, mas-

ter regulatory genes are responsible for

generating the overall body plan, as well

as finer-resolution patterns within the

nervous system. Using the insects Droso-

phila melanogaster (fruit fly) and Schistocer-

ca americana (grasshopper), we have been

studying the evolution of these genes.

Our initial results suggest that several of

these genes originally evolved for roles

during neurogenesis but were later co-op-

ted for additional roles in segmentation.

We have recently shown that the gooseber-

ry gene, in addition to its role in segmen-

tation, also regulates the determination of

many neurons. Because homologs of the

gooseberry genes are also expressed in the

vertebrate nervous system, our results in

Drosophila should help us understand cer-

tain aspects of neural determination in a

wide variety of organisms.

Catherine Thompson
I am studying the molecular mecha-

nisms underlying the development of the

mammalian central nervous system.

Among the many physiological factors

that influence the central nervous system,

thyroid hormone (TH) is known to be es-

sential for proper development. TH defi-

ciency during a short critical period in de-

velopment produces severe neurological

defects in humans and in experimental

animals. The actions of TH are mediated

through nuclear receptors, which regulate

the expression of specific target genes in

response to hormone binding. However,

the genes that are regulated by thyroid

hormone receptors in the developing
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brain are largely unknown. Using subtrac-

tive hybridization, I am isolating TH-re-

sponsive genes in developing rat brain

and will analyze the functional signifi

cance of these genes.
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Ann Hubbard, Johns Hopkins University

School of Medicine
Margarita Irizarry, University of Puerto Rico

Michael Krause, Fred Hutchinson Cancer
Research Center

Carolyn Machamer, Johns Hopkins
University School of Medicine

Peter Pentchev, NIH, Developmental and
Metabolic Neurology Branch, NINCDS

Tom Poole, Syracuse University

Alexander Tsvetkov, Institute of Cytology,

USSR Academy of Sciences

Zhen'an Wu, Institute of Developmental
Biology, Academia Sinica, Beijing

]To September 30, 1991
2To June 30, 1992
3From January 1, 1992

^o May 31, 1992
5From October 14, 1991
6From January 31, 1992
7To February 17, 1992
8To November 30, 1991
9From June 18, 1992
10To March 13, 1992

11From February 4, 1992
12To April 30, 1992
13From February 3, 1992
14From July 1,1991
15From November 18, 1991
16To August 31, 1991
17To July 31, 1991
18To May 11, 1992

From December 15, 1991
20To December 16, 1991

19

21To August 23, 1991
22From August 5, 1991
23To February 28, 1992
24From May 1, 1992
25From February 17, 1992
26From September 16, 1991
27To December 5, 1991
28From July 16, 1991
29From September 6, 1991
30To January 31, 1992
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Constructing airplanes. Volunteer Tom Workman (right) helps Ngazi

Akwara (left) and April Murphy.



First Light: Our Adventure with Young Minds

by Charles C. James, First Light Director

Ateacher of mine once characterized two basic types of

sculpture—additive and subtractive. The former increases the

size of the original material (granite, clay, etc.), while the latter

chips away and diminishes the original form. Nowadays, when I

travel to work each morning I pass a sculpture in preparation;

watching the sculptor's progress often reminds me of my
instructor's thought long ago and how it also symbolizes the

struggle of education.

For many years, education has been viewed as a basic body of

knowledge to be chipped at piecemeal, eventually providing the

student a predetermined product. The problem with this approach

is that the basic block of curriculum is so large and the

accompanying instructional methods therefore so conventional that

the end product is rote and stale. But science, rooted in a truly

dynamic process, above all ought not become rigidly standardized

or product-oriented. Science curriculum should employ concepts

and skills upon which to expand, not to fragment. Critical thinking

abilities must be nurtured, experiences of wonder must be

captured, the larger magnitude of concepts must be realized.

Learning about science should be seen as an additive, not a

fragmented, process.

These are the ideas that underlie First Light. We recognize that

conventional practices are simply not reaching significant numbers
of females, minorities, or disadvantaged children. That children

generally are not excited about science is evidence that past

approaches are not succeeding. We at First Light find that
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youngsters have a great capability to question and probe. We
believe that these instincts are the keys to effective teaching.

Predetermined plans must give way to personal interest and
insight. Learning should be an interactive, not a standardized,

process.

Recently, First Light has been studying absorption. Our
approach has been non-conventional from the start. Instead of

chipping away at a prescribed set of facts that everyone should

"know/' we instead began by probing what the youngsters already

knew about absorption. We investigated the properties of sodium
polyacyrelate—the super-absorbent powder of diapers. The
children asked to dissect diapers. (We discovered that the amazing
powder inside diapers absorbs 400 times its own weight in tap

water and 600 times its weight of distilled water!) Next, we tested

new technologies for growing plants in a similar high-absorbency

polymer laced with fertilizer. The same material provided the

growing medium for plants aboard the Space Shuttle. Finally, we
explored the properties and absorbing capacity of Bentonite clay

used in landfills to restrict toxic seepage. Throughout the activities

we encouraged individual investigations testing the limitations of

rehydration—changing the color, perhaps, or increasing the

observable properties. Thus instead of chipping away to attain

what we felt the youngsters should know, we let the materials

become the impetus to learn what the children were actually

anxious to know.

Our students learn by doing. Even the simplest tasks begin to

require a personal investment of wonder and effort. Our addition of

three frogs to the laboratory room required maintenance

throughout the week, so one of our participants eagerly

volunteered to collect the necessary crickets and return to feed the

frogs at mid-week. The feeding time has been meaningful. While on

a trip recently to select new books for our library, he selected a

comprehensive volume on reptiles and amphibians as a personal

favorite. From the book and his experience, he is becoming a

resident expert.

Such personalized interests are often supported by field trips. A
local Maryland naturalist brought dozens of local reptiles for

viewing and holding. A visit to the local water-lily ponds became

for many a constant search for frogs, toads, and snakes. But even

that search was abandoned to explore the water-resistant properties

of water-lily leaves. Water splashed onto the leaf beaded like drops

of mercury and spun around the leaf as if in a pinball machine. The

unexpected discovery became a moment of delight, wonder, and

play. Our field trips continue to be a very popular part of our

Saturday and summer programs.



FIRST LIGHT

Pin-hole cameras,

making rubber out of liquid

latex, creating the buttresses

of rainforest trees out of

papier-mache, and visiting a

rehabilitation center for

injured wildlife are

experiences chosen to cause

reflection. New experiences

are thus fashioned atop

former ones, forming a

growing web of connections

that we understand as

learning.

This past summer, First

Light hosted its third annual

summer program. We
welcomed our largest group

ever. One week we centered

our explorations on water.

After completing some
analysis of the building's

drinking water, we turned

our interest to local rivers

and visited the Anacostia River Laboratory for a day of instruction

and fishing. The participants saw, held, and kissed native species of

fish common to the river as well as some carp introduced from

someone's fishbowl. Remembering some of the tests we had run on

drinking water, a group of students became excited to discover

scientists making similar tests (such as pH) on the Anacostia River

to determine its health. The connections began. Rivers are sources

for drinking water! Healthy drinking water takes healthy rivers.

Such knowledge, which only arises from additive experiences, can

lead to a lifetime of stewardship.

New and original approaches are scarcely new to Carnegie

Institution. A meaningful example of additive sculpting in science

is the career of A. E. Douglass, the founder of dendrochronology

and a research associate of Carnegie Institution's Department of

Plant Biology from 1924 to 1938. By profession, Douglass was first

an astronomer; yet instinct led him to discoveries quite distant from

the stars. While on a trip to set up a new observatory in Arizona, he

noticed regional patterns in the tree rings. His pursuit of these ring

patterns was to become a lifelong and somewhat controversial

study. With Carnegie Institution support over many years, he

explored his idea that ring patterns recorded cyclical drought due

Learning how to use pin-hole cameras. Chuck James
talks to (front to rear) David Mack, Danny Caicedo,

Noah Mitchum, and Ngazi Akwara.
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to sunspots. Though disagreement still exists, scientists at the

Tucson Laboratory of Tree Ring Science have isolated evidence from

many proxies that add support to Douglass's original notions. The
dendrochronology of A. E. Douglass is important not only for its

contribution to dating methods but also for the manner in which it

was founded—an exceptional openness to the world and to the

boundaries of science itself.

First Light has continued to spread new messages about science

instruction to area teachers. Last spring, the first teacher-based

course was offered; it included activities, methods, literature, and
ideas for managing interactive programs. We continue to work with

both teachers and students from local schools. The approach to both

groups is surprisingly the same. For teachers to appreciate the real

thrill of science they must return to the role of student. We teach,

talk, and evaluate in methods that are directly replicable in the

classroom.

We hope to develop a six-week summer institute for teachers.

Its purpose would be to provide a base-line of scientific literacy as

well as intensive experience with interactive science-teaching

methods. The proposed venture would also include monthly

discussion seminars and other opportunities for further training.

All materials used in the program would be made available to each

participating school, thereby insuring continued use. The five-year

program will require tremendous resources, but none will be more
important than the experience we have already gained as to how
children best learn science.

Our message is spread in other ways. Agencies such as the U. S.

Geological Survey, the National Science Teachers Association, the

Teacher's Laboratory, and the National Science Foundation publish

activities created, developed, and tested at First Light.

For all who participate in First Light, the venture remains great

fun. Everything is acccomplished with the help of individuals who
have seized the chance to pause, question, and wonder with the

children. Volunteers Becky Hackett and Julie McMillan have been

"sculptors" the past 2 1/2 years. They have enriched the program
with their presence, good humor, and friendship. They were

honored at the 1992 Carnegie Evening for their constant volunteer

service, but more importantly, to the children of First Light they are

honored for being artists of science.



Personnel

Members of the Departments are

listed in the preceding sections.

Special Appointment

Barbara McClintock, Distinguished Service

Member in Special Subject Area (Cold

Spring Harbor, New York) 1

Office of Administration

1530 P Street, N.W.
Washington, D.C. 20005

Lloyd Allen, Custodian
Sharon Bassin, Secretary to the President

Sherrill Berger, Research Assistant,

Institutional and External Affairs2

Ray Bowers, Editor and Publications Officer

Gloria Brienza, Budget and Management
Analyst Manager*

Don A. Brooks, Custodian

Cady Canapp, Human Resources and
Insurance Manager

Ines Cifuentes, Program Coordinator, First

Light Teacher Training Project4

Patricia Craig, Associate Editor

Barbara F. Deal, Administrative Assistant,

Grants and Operations5

Linda Feinberg, Editorial/Administrative

Assistant

Ronald Grays, Support Coordinator6

Jacqueline J. Green, Assistant to Human
Resources and Insurance Manager

Michael Jenkins, Administrative Support
Assistant7

Ann Keyes, Accounts Payable /Payroll

Coordinator8

Audrey Spendley Krause, Financial

Accountant

John Lively, Director of Administration and
Finance

Ruthellen Madden, Financial Assistant9

Diane Melick, Research Assistant, Institutional

and External Affairs 10

Trong Nguyen, General Accountant 11

Danielle Palermo, Secretary, Institutional and
External Affairs 12

Deborah Fancher Payne, General Accountant13

Catherine Piez, Systems and Fiscal Manager14

Arnold J. Pryor, Facilities and Services

Supervisor

Lisa Schubert, Financial Manager
Maxine F Singer, President

Anne Keatley Solomon, Director of

Institutional and External Affairs

Kris Sundback, Grants and Operations

Manager15

Vicki Tucker, Administrative Coordinator,

Accounting

Susan Y. Vasquez, Assistant to the President

Yulonda White, Records Coordinator, Human
Resources and Insurance

] Died, September 2, 1992

Secretary, Institutional and External Affairs,

from July 8, 1991 to October 1, 1991
3Business Operations Manager to November

17, 1991
4From March 17, 1992

Administrative Assistant, Administration and
Finance, to November 14, 1991

6To January 31, 1992

Administrative Assistant to January 31, 1992
8FromJune8, 1992
9To May 1, 1992
10To August 30, 1991
nFromMay26, 1992
12From November 25, 1991
13To April 30, 1992
14Systems Analyst to November 17, 1991
15Research Accountant to November 14, 1991
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Publications

Publications of the Institution

Carnegie Institution of Washington Year Book 90, viii Carnegie Institution of Washington, informational

+ 175 pages, 49 illustrations, December 1991. booklet, 24 pages, 20 illustrations, August 1990.

Spectra: The Newsletter of the Carnegie Institution, Carnegie Evening 1991, 16 pages, 7 illustrations,

issued in November 1991, March 1992, June May 1991.

1992.

Mr. Carnegie's Plant Biologists: The Ancestry of

Carnegie Institution's DPB, by Ray Bowers with

Winslow Briggs, 32 pages, 32 illustrations,

January 1992.
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Special Events

Capital Science Lecture Series

Roy Schwitters, The Super Collider: America's Robert M. Solow, Work and Welfare, February 18,

Project for a New Age of Discovery, October 1992

22, 1991

Carl Djerassi, The Pill at 40: What next? March 3,

Bruce Alberts, Spinning Wheels, Sump Pumps, 1992

and High Speed Trains: Life as Made Possible

by Protein Machines, November 12, 1991 James Watson, Genetic Code, April 21, 1992

Jill Tarter, The Search for Extraterrestrial J. Michael Bishop, Misguided Cells: The Genesis

Intelligence: Science Fact, Not Fiction, of Human Cancer, May 19, 1992

December 10, 1991

Harry Gray, The Chemistry Revolution, January

7, 1992

Symposium

The Earth, the Heavens, and the Carnegie
Institution of Washington: Historical

Perspectives after 90 Years, Gregory A. Good,
Chairman, sponsored by the Carnegie

Institution and under the auspices of the

American Geophysical Union History

Committee, June 15-17, 1992

Carnegie Evening Lecture

Elliot M. Meyerowitz, Unraveling the Mysteries of

Flower Development, May 7, 1992
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Report of the Executive Committee

To the Trustees of the Carnegie Institution of Washington

In accordance with the provisions of the By-Laws, the Executive Committee
submits this report to the Annual Meeting of the Board of Trustees.

During the fiscal year ending June 30, 1992, the Executive Committee held

four meetings. Accounts of these meetings have been or will be mailed to each

Trustee.

A full statement of the finances and work of the Institution for the fiscal year

ended June 30, 1991 appears in the Institution's Year Book 90, a copy of which has

been sent to each Trustee. An estimate of the Institution's expenditures in the

fiscal year ending June 30, 1993 appears in the budget recommended by the

Committee for approval by the Board of Trustees.

The terms of the following members of the Board expire on May 8, 1992:

Philip H. Abelson Charles H. Townes
James E. Burke Thomas N. Urban
Robert G. Goelet Sidney J. Weinberg, Jr.

Caryl P. Haskins

There is one vacancy in the membership of the Finance Committee, which
was not filled in 1991.

In addition, the terms of the Chairman of the Board, all Committee Chair-

men, and the following members of the Committees expire on May 8, 1992:

Finance Committee Employee Benefits Committee

David F. Swensen William T. Coleman, Jr.

Sidney J. Weinberg, Jr. Edward E. David, Jr.

Sandra M. Faber

Auditing Committee

Philip H. Abelson
Caryl P. Haskins

Gerald D. Laubach

Nominating Committee

Sidney J. Weinberg, Jr.

May 8, 1992

Robert C. Seamans, Jr., Chairman
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Abstract of Minutes

of the Ninety-Sixth Meeting of the Board of Trustees

The Annual Meeting of the Board of Trustees was held in the Board

Room of the Administration Building on Friday, May 8, 1992. The
Meeting was called to order by the Chairman, Richard E. Heckert.

The following Trustees were present: Philip H. Abelson, William T.

Coleman, Jr., Edward E. David, Jr., John Diebold, James D. Ebert, W.
Gary Ernst, Sandra M. Faber, Robert G. Goelet, William T. Golden,

Caryl P. Haskins, Richard E. Heckert, Gerald D. Laubach, Richard S.

Perkins, Robert C. Seamans, Jr., David M. Swensen, Charles H.

Townes, William I. M. Turner, Jr., Thomas N. Urban, and Sidney J.

Weinberg, Jr. Also present were Garrison Norton, Trustee Emeritus,

Maxine F. Singer, President, Anne K. Solomon, Director of Institutional

and External Affairs, John J. Lively, Director of Administration and
Finance, Susan Y. Vasquez, Assistant Secretary, and Marshall

Hornblower, Counsel.

The minutes of the Ninety-Fifth Meeting, held at the Department of

Embryology in Baltimore on January 16-17, 1992, were approved.

The reports of the Executive Committee, the Finance Committee,

the Employee Benefits Committee, and the Auditing Committee were
accepted. On the recommendation of the latter, it was resolved that

Price Waterhouse & Co. be appointed as public accountants for the

fiscal year ending June 30, 1992.

On the recommendation of the Nominating Committee, David
Greenewalt, William R. Hearst III, and Richard A. Meserve were

elected members of the Board of Trustees, and the following were
reelected for terms ending in 1995: Philip H. Abelson, James E. Burke,

Robert G. Goelet, Charles H. Townes, Thomas N. Urban, and Sidney J.

Weinberg, Jr.

Thomas N. Urban was elected Chairman of the Board of Trustees

for a term ending in 1995.

The following were elected for one-year terms: Robert C. Seamans,

Jr., as Chairman of the Executive Committee; Sidney J. Weinberg, Jr., as

Chairman of the Finance Committee; Philip H. Abelson, as Chairman
of the Auditing Committee; and William T. Coleman, Jr., as Chairman
of the Employee Benefits Committee. Sidney J. Weinberg, Jr., was
appointed Chairman of the Nominating Committee for a one-year

term.

163



Vacancies in the Standing Committees, with terms ending in 1995, were
filled as follows: Philip H. Abelson, Gerald D. Laubach, and William I. M.
Turner, Jr., were elected members of the Executive Committee; David F.

Swensen and Sidney J. Weinberg, Jr., were elected members of the Finance

Committee; Sidney J. Weinberg, Jr., was elected a member of the

Nominating Committee; William T. Coleman, Jr., Edward E. David, Jr., and
Sandra M. Faber were elected members of the Employee Benefits

Committee. In addition, Richard E. Heckert was elected a member of the

Executive Committee and Finance Committee for unexpired terms ending

in 1993, and John Diebold was elected a member of the Nominating

Committee for an unexpired term ending in 1993.

The Chairman pointed out that Caryl P. Haskins, former President of

the Institution (1956-1971) and an active member of the Board for 42 years,

had chosen not to stand for reelection. This resignation was noted with

regret, and in accordance with Section 1.6 of the By-Laws, Dr. Haskins was
designated Trustee Emeritus.

The annual report of the President was received.

To provide for the operation of the Institution for the fiscal year ending

June 30, 1993, and upon recommendation of the Executive Committee, the

sum of $24,051,966 was appropriated.
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Financial Statements

for the year ended June 30, 1992
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Carnegie Institution of Washington

Financial Statements

Contributions, Gifts, and Private Grants

for the Year Ended June 30, 1992

Philip H. and Neva Abelson

Jagan Akella

Rita Allen Foundation
American Association for the Advancement of

Science

American Astronomical Society

American Cancer Society

Anonymous
Bennett Archambault
Paul A. Armond, Jr.

Atlantic Richfield Company
Horace W. Babcock

David Baltimore

Liselotte Beach

Arnold and Mabel Beckman Foundation

Beech Street Foundation
Berg Living Trust

Giuseppe and L. Elizabeth Bertani

John J. and Emma L. Bonica

Joanne and Montgomery S. Bradley

Dorah and A. Stanley Brager

Deborah Lin Brown
Donald D. and Linda W. Brown
Jeanette S. and Walter Brown
Sharon Elizabeth Brown
The Buffalo News
Donald M. Burt

John Caldwell
Ronald E. Cape
Carnegie Corporation of New York
Dana Carroll

Robert M. Cassie

Britton Chance
Jane Coffin Childs Memorial Fund for Medical

Research

Cigna Corporation

CitiCorp

John R. and Annette W. Coleman
William T. Coleman, Jr.

COMSAT Corporation

Cummins Engine Foundation

Babette S. Dalsheimer

Howard Clark Dalton

Vincent J. DeFeo
John P. de Neufville

Louis E. DeLanney
John Diebold

John B. and Ruth P. Doak
Bruce R. Doe
W. L. Doyle
David Dunlap Observatory

Dudley Observatory

James and Alma Ebert

Don Elthon

W. Gary Ernst

Sandra M. and Andrew L. Faber

Doris and Bill Fader, Jr.

Dorothy Ruth Fischer

Michael and Helen Fleischer

Flintridge Foundation

L. Patrick Gage
M. Charles Gilbert

C. B. and S. B. Gillies

Robert G. Goelet

Joseph L. Goldstein

Margaretta Greenewalt Estate

Margaretta Greenewalt Trust

Richard D. and Irene M. Grill

Pembroke J. Hart

Stanley R. Hart

Caryl P. and Edna Haskins
Robert J. Hay
Robert M. Hazen
Richard E. Heckert

H. Lawrence Heifer

Alfred D. Hershey
William R. Hewlett

William M. Hiesey

Henrietta W. Hollaender Estate

Howard Hughes Medical Institute

Moritoshi lino

George F Jewett, Jr. 1965 Living Trust

Johns Hopkins University

Axel Johnson Co.

Paul A. and Doris J. Johnson
William Kieschnick

Joan and Joe Klein

Eleanor Kohlmeyer
Nancy and Herman Kohlmeyer, Jr.

David D. Koo
Koshland Foundation
Olavi Kouvo
Kresge Foundation
Kyocera Corporation

L & F Industries

Otto C. Landman
Gerald D. Laubach
Arthur and Faith W. LaVelle

Peggy Lemaux
Howard M. Lenhoff

Harlan Lewis
Melvyn Lieberman
Dan L. Lindsley

Donald H. Lindsley

Charles and Elizabeth Little

Felix J. Lockman
Eric Long
John D. & Catherine T. MacArthur Foundation
John D. Macomber
Winston M. Manning
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Carnegie Institution of Washington

Financial Statements

Contributions, Gifts, and Private Grants

for the Year Ended June 30, 1992 (continued)

Lucille B. Markey Charitable Trust

Marlow Marrs
Chester B. Martin, Jr.

William McChesney Martin, Jr. Living Trust

Barbara McClintock
McKnight Endowment Fund for Neuroscience
Andrew W. Mellon Foundation

John Merck Fund
Merck Research Laboratories

Margot W. Milch

Xenia and Irwin Miller Trust

Mobil Foundation
Ambrose Monell Foundation
Gisela Mosig
Norio Murata
Newmont Mining Corp.

Malcolm A. Nobs
Garrison Norton
Tokindo S. Okada
Jeffrey D. Palmer
Richard S. Perkins

Charles J. Peterson

Pfizer Foundation, Inc.

Alexander Pogo Estate

Emily Rauh Pulitzer

Cary L. Queen
Elizabeth M. Ramsey, M. D. and Hans A.

Klagsbrunn
Peter H. and Tamra E. Raven
Frederic Richards

Glenn C. Rosenquist

Vera C. Rubin
Paul Schechter

Maarten and Corrie Schmidt
W. T. Schwessinger

Eugenia A. and Robert C. Seamans, Jr.

Martin G. Seitz

Marianne and Erwin Sekulow
Edwin M. Shook
Maxine F. and Daniel Singer

Elizabeth H. Smith
Space Telescope Science Institute

Systems Research and Applications Corporation

(SRA)
State University of New York at Stony Brook
The Ruth and Frank Stanton Fund
Bruce B. Stowe
Douglas Struck

Ziro Suzuki
David F. and Susan F. Swensen
Lawrence A. Taylor

Heinz Tiedemann
G. R. Tilton

Charles H. Townes
William Upholt
Thomas N. and Mary B. Urban
Sidney J. Weinberg, Jr. Foundation

J. A. Weinman
Whitehead Charitable Foundation
Helen Hay Whitney Foundation

Evelyn M. Witkin

Frederick P. Woodson
Kenzo Yagi

Yanofsky Family Rev. Trust

Violet Koski Young
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Price Waterhouse ^

REPORT OF INDEPENDENT ACCOUNTANTS

October 9, 1992

To the Auditing Committee of the

Carnegie Institution of Washington

In our opinion, the accompanying statements of assets, liabilities, and fund balances and

the related statements of revenues, expenses, and changes in fund balances present fairly,

in all material respects, the financial position of the Carnegie Institution of Washington

(the Institution) at June 30, 1992 and 1991, and the results of its operations and the

changes in its fund balances for the years then ended, in conformity with generally

accepted accounting principles. These financial statements are the responsibility of the

Institution's management; our responsibility is to express an opinion on these financial

statements based on our audits. We conducted our audits of these statements in

accordance with generally accepted auditing standards which require that we plan and

perform the audit to obtain reasonable assurance about whether the financial statements

are tree of material misstatement An audit includes examining, on a test basis,

evidence supporting the amounts and disclosures in the financial statements, assessing

the accounting principles used and significant estimates made by management, and

evaluating the overall financial statement presentation. We believe that our audits

provide a reasonable basis for the opinion expressed above.

Our audits were made for the purpose of forming an opinion on the basic financial

statements taken as a whole. The supporting schedules 1 through 4 are presented for

purposes of additional analysis and are not a required part of the basic financial

statements. Such information has been subjected to the auditing procedures applied in

the audit of the basic financial statements, and in our opinion, is fairly stated in all

material respects in relation to the basic financial statements taken as a whole.

TAic«. l/0£fcliU^<-^
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Carnegie Institution of Washington

Financial Statements

Statements of Assets, Liabilities, and Fund Balances

June 30, 1992 and 1991

1992 1991

ASSETS
Current assets

Cash $ 136,822 $ 318,011

Grants receivable 1,923,674 1,043,814

Accrued interest and dividends 1,355,008 1,378,593

Advances and accounts receivable 430,630 360,609

Total current assets 3,846,134 3,101,027

Investments (market)*

Temporary 29,979,450 23,041,791

Fixed income 83,258,348 78,308,790

Corporate stocks 131,458,666 123,723,108

Other 459,841 565,539

Total investments 245,156,305 225,639,228

Property, plant, and equipment

Buildings and building improvements 25,422,708 25,392,235

Telescopes 7,910,825 7,910,825

Scientific equipment 8,944,864 7,802,255

Administrative equipment 1,774,436 1,592,578

Land 1,086,742 1,086,742

Art and historical treasures 34,067 34,067

Less: accumulated depreciation (13,085,201 ) (11,313,933 )

Property, plant, and equipment in service . . . 32,088,441 32,504,769

Telescope under construction 1,175,609 729,158

Buildings under construction 1,211,607 156,196

Scientific equipment under construction . . 399,528 47,788

Total property, plant, and equipment . . . 34,875,185 33,437,911

Total assets $283,877,624 $262,178,166

LIABILITIES AND FUND BALANCES
Liabilities

Accounts payable and accrued expenses .... $ 1,895,575 $ 1,371,755

Deferred grant income 3,156,119 1,895,471

Net investment acquisition debt (see Note 2) . .

111
1,234,155

Total liabilities 5,051,694 4,501,381

Fund balances 278,825,930 257,676,785

Total liabilities and fund balances . . . $283,877,624 $262,178,166

* Approximate cost on June 30, 1992: $215,303,249; June 30, 1991: $203,238,365.

The accompanying notes are an integral part of these statements.

Certain prior-year balances have been reclassified for financial statement presentation purposes.
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Carnegie Institution of Washington

Financial Statements

Statements of Revenues, Expenses, and Changes in Fund Balances

for the Years Ended June 30, 1992 and 1991

Year Ended Tune 30,

1992 1991

Revenues

Investment earnings

Interest and dividends $ 9,782,607 $ 11,422,372

Realized net gain on investments 14,647,233 13,114,518

Less: investment service fees (1,009.540 ) (895,728 )

Total investment earnings 23,420,300 23,641,162

Grants
Federal 4,498,152 3,948,581

Private 3,447,776 2,978,179

Gifts and other revenues 638,552 541,755

Total revenues 32,004,780 31,109,677

Capital contributions—equipment 954,621 675,276

Total revenues and capital contributions 32,959,401 31,784,953

Expenses

Personnel and related 14,034,919 12,938,486

Equipment 3,552,586 3,461,823

General 5,862,204 6,314,029

Total expenses 23,449,709 22,714,338

Excess of revenues and capital contributions

over expenses before capital changes 9,509,692 9,070,615

Capital changes

Unrealized net gain (loss) on investments 7,452,193 (11,932,764)

Capital campaign—gifts 4,187,260 6,058,259

Total capital changes 1 1 ,639,453 (5,874,505 )

Excess of revenues, capital contributions,

and capital changes over expenses 21,149,145 3,196,110

Fund balances, beginning of period 257,676,785 254,480,675

Fund balances, end of period $278,825,930 $257,676,785

The accompanying notes are an integral part of these statements.
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Carnegie Institution of Washington

Financial Statements

Notes to The Financial Statements

June 30, 1992

Note 1. Significant Accounting Policies

The financial statements of the Institution are

prepared on the accrual basis of accounting.

Investments are carried at market value.

The Institution capitalizes expenditures for land,

buildings and leasehold improvements, telescopes,

scientific and administrative equipment, and other

projects in progress. Routine replacement,

maintenance, and repairs are charged to expense.

Depreciation of the Institution's buildings,

telescopes, and other equipment is computed on a

straight-line basis using the following useful lives:

buildings and telescopes, 50 years; building and
leasehold improvements, 25 years \>r the remaining

term of the lease; and scientific and administrative

equipment, 5 years. Depreciation expense for the years

ended June 30, 1992 and 1991 was $1,837,792 and

$1,685,470, respectively.

Note 2. Net Investment Acquisition Debt

The Institution entered into certain investment

transactions with trade dates prior to June 30, 1991.

These transactions have been included in the

investment balances. Since these amounts represent

unsettled obligations at June 30, 1991, the net amount of

$1,234,155 has also been presented as a liability until

settlement occurs.

Note 3. Employee Benefit Plans

The Institution has a noncontributory, defined

contribution, money-purchase retirement plan in which

all United States personnel are eligible to participate.

Beginning April 1, 1989, the Plan has been funded

through individually owned annuities issued by

Teachers' Insurance and Annuity Association (TIAA)

and College Retirement Equities Fund (CREF). There

are no unfunded past service costs. The total

contributions made by the Institution were $1,354,262

in 1992 and $1,307,695 in 1991. After one year's

participation, an individual's benefits are fully vested.

The Institution provides health insurance for retired

employees. Most of the Institution's United States

employees may become eligible for those benefits at

retirement. The cost of retiree health insurance benefits

is recognized as an expense as costs are incurred. For

1992 and 1991 these costs were $390,739 and $406,135,

respectively.

The provisions of Statement of Financial Accounting

Standards No. 106, "Employer's Accounting for Post

Retirement Benefits Other Than Pensions," have not yet

been adopted by the Institution. This Statement requires

that the costs of such benefits be estimated in advance

and recognized over the period earned. The Institution

will not be required to adopt the provisions of this

Statement until the fiscal year ending June 30, 1996.

Note 4. Restricted Grants and Gifts

Restricted grants and gifts are funds received from

foundations, individuals, and federal agencies in

support of scientific research and educational
programs. The Institution follows the policy of

reporting revenues only to the extent that reimbursable

expenditures are incurred. Accordingly, funds received

in excess of reimbursable expenditures are recorded as

deferred revenue. Reimbursement is based upon
provisional rates which are subject to subsequent audit

and potential downward adjustment. The Restricted

Grants and Gifts Schedule (Schedule 3) shows all

current grants and gifts.

Note 5. Income Taxes

The Institution is exempt from federal income tax

under Section 501(c)(3) of the Internal Revenue Code.

Accordingly, no provision for income taxes is reflected

in the accompanying financial statements. The
Institution is also an educational institution within the

meaning of Section 170(l)(A)(ii) of the Code. The
Internal Revenue Service has classified the Institution

as other than a private foundation, as defined in Section

509(a) of the Code.

Note 6. Other Investments

In order to assist in the relocation of certain key

scientific staff, the Institution makes loans secured by

real estate to these employees at below-market interest

rates. At June 30, 1992 and 1991, their outstanding value

was $459,841 and $565,539, respectively.
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Carnegie Institution of Washington

Financial Statements

Restricted Grants and Gifts

for the Year Ended June 30, 1992

Balance New Restricted

July 1, 1991 Grants/Gifts Expenses

Federal grants

NASA $ 638,720 $ 730,265 $ 528,499

National Science Foundation 1,137,931 2,411,576 1,360,850

Office of Naval Research 186,938 9,000 103,797

U.S. Public Health Service 1,263,066 2,441,812 2,194,879

U.S. Department of Agriculture 28,313 100,000 70,848

U.S. Geological Survey 76,563 205,500 224,737

U.S. Department of Energy 5,332

U.S. Department of the Interior 16,310

U.S.-Israel BARD 14,542 14,542

Total federal grants and contracts 3,367,715 5,898,153 4,498,152

Private grants

Rita Allen Foundation 12,406 30,000 36,386

Amer. Assoc, for the Advancement of Science . . 10,000 3,000 8,129

American Astronomical Society 18,000 3,264

American Cancer Society 418,860 10,000 70,700

American Chemical Society 20,946 ... 20,946

American Society For Microbiology 3,307

Arnold and Mabel Beckman Foundation 165,000 37,746

California Institute of Technology 61,008 30,350 67,111

University of California, Santa Cruz 19,339 12,876

Britton Chance 262 ... 261

Jane Coffin Childs Memorial Foundation .... 62,101 147,000 109,037

Chilean Fellowship 4,500

Dow Chemical Company 6,304 . .

.

6,304

Dudley Observatory 23,405 23,405

David Dunlap Obervatory 14,191

Embryology Fund 1,263 51,130 857

First Light 46,343 42,461 47,746

Flintridge Foundation 198,964 42,000 16,442

Robert Hazen 4,858 25,000 3,599

Johns Hopkins University 119,358 106,996 10,286

Howard Hughes Medical Institute 83,035 24,000 50,078

W. M. Keck Foundation 300,000

Kresge Foundation 250,000 76,045

Lead Trust 1,409,646 997,125 1,240,831

Leukemia Society of America 117,560 ... 9,292

Life Sciences Research Foundation 22,721 ... 13,222

March of Dimes 7,801 ... 7,801

John D. & Catherine T MacArthur Foundation .... 80 15,000 15,000

Lucille P. Markey Charitable Trust 95,927 569,600 372,858

McKnight Endowment for Neuroscience 120,000 39,584

Andrew W. Mellon Foundation 136,268 440,000 117,801

John Merck Fund 240,000 9,509

Mobil Oil Corporation 10,000 3,000

Ambrose Monell Foundation 87,285 150,000 89,936

Oxford University 8,949 15,397 22,174

People's Republic of China 4,285

Richard B.T Roberts Memorial Fund 1,682 1,046 1,431

John D. Rockefeller Foundation 3,734

Schedule 3

lof2

Balance

June 30, 1992

$ 840,486

2,188,657

92,141

1,509,999

57,465

57,326

5,332

16,310

4,767,716

6,020

4,871

14,736

358,160

3,307

127,254

24,247

6,463

1

100,064

4,500

14,191

51,536

41,058

224,522

26,259

216,068

56,957

300,000

173,955

1,165,940

108,268

9,499

80

292,669

80,416

458,467

230,491

7,000

147,349

2,172

4,285

1,297

3,734

The accompanying notes are an integral part of these schedules.

(continued)
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Carnegie Institution of Washington

Financial Statements

SCHEDULE 3 RESTRICTED GRANTS AND GIFTS
2 of 2 (Continued)

Balance New Restricted Balance

July 1, 1991 Grants/Gifts Expenses June 30, 1992

VeraC. Rubin 7,740 1,000 547 8,193

Damon Runyon-Walter Winchell Cancer Fnd. .144,697 ... 40,170 104,527

Alfred P. Sloan Foundation 8,993 ... 282 8,711

Space Telescope Science Institute 15,300 421,887 260,882 176,305

State Univ. of New York at Stony Brook .... 311,934 500,000 579,155 232,779

Weizmann Institute 1,042 ... ... 1,042

Helen Hay Whitney Foundation 61,332 75,000 23,083 113,249

Total private grants and contracts 3,795,991 4,562,427 3,447,776 4,910,642

Total restricted grants 7,163,706 $10,460,580 $7,945,928 9,678,358

Less cash not yet received

from grants /contracts (5,268,235 ) (6,522,239)

Deferred income $1,895,471 $3,156,119

The accompanying notes are an integral part of these schedules.
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Carnegie Institution of Washington

Financial Statements

Schedule 4

Schedule of Expenses

for the Years Ended June 30, 1992 and 1991

1992 1991

Endowment
and Special

Salaries, fringe benefits, and payroll taxes

Salaries $ 7,827,504

Fringe benefits and payroll taxes .... 2,243,017

Retiree benefits 393,904

Total 10,464,425

Fellowship grants and awards 413,861

Equipment and equipment supplies .... 1,863,946

Restricted

Grants

$ 1,637,628

407,738

Total

Expenses

$ 9,465,132

2,650,755

393,904

Total

Expenses

$ 8,713,723

2,419,683

409,520

2,045,366 12,509,791 11,542,926

1,111,267 1,525,128 1,395,560

1,688,640 3,552,586 3,461,823

General expenses
Educational and research supplies 548,002 823,704 1,371,706 1,566,752

Contract services 434,129 79,775 513,904 370,703

Building maintenance and repairs 308,263 60,277 368,540 426,669

Utilities 772,049 1,919 773,968 825,286

Administrative 403,860 82,094 485,954 661,726

Computer services 31,534 72,466 104,000 44,103

Travel and meetings 574,576 300,054 874,630 788,928

General insurance 184,461 ... 184,461 194,476

Scientific publications 67,740 26,968 94,708 148,339

Professional fees and taxes 395,663 49,091 444,754 531,786

Commissary 54,230 ... 54,230 48,092

Shop 63,683 27 63,710 96,241

Telephone 191,832 1,400 193,232 191,224

Postage and shipping 137,918 767 138,685 144,655

Miscellaneous 69,748 60,943 130,691 94,680

Books and subscriptions 184,872 ... 184,872 185,698

Contributions 1,500 58,414 59,914 41,000

Subtotal 4,424,060 1,617,899 6,041,959 6,360,358

Subtotal 17,166,292 6,463,172 23,629,464 22,760,667

Indirect costs—grants (1,482,756) 1,482,756 „.

Subtotal 15,683,536 7,945,928 23,629,464 22,760,667

Indirect costs capitalized on
scientific construction projects (179,755) „. (179,755) (46,329)

Total expenses $15,503,781 $7,945,928 $23,449,709 $22,714,338

Certain prior-year balances have been reclassified for financial statement presentation purposes.

The accompanying notes are an integral part of these schedules.
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Articles of Incorporation

JtfijKrgjjtjj Congress of ijre United States of America;

&t the Jfetond Session,

Begun and held at the City of Washington on Monday, the seventh day of December, one

thousand nine hundred and three.

A2ST ACT
To incorporate tbe Carnegie Institution of Washington.

Be it enacted by the Senate and House of Representatives of the United

States ofAmerica in Congress assembled, That the persons following, beingpersons

who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,

John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William N. Frew,

Lyman J. Gage, Daniel C. Oilman, John Hay, Henry L. Higginson, William

Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth

Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,

Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles

D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are

hereby incorporated and declared to be a body corporate by the name of the

Carnegie Institution of Washington and by that name shall be known and have

perpetual succession, with the powers, limitations, and restrictions herein contained.

Sec. 2. That the objects of the corporation shall be to encourage, in the

broadest and most liberal manner, investigation, research, and discovery, and

the application of knowledge to the improvement of mankind; and in particular

—

(a) To conduct, endow, and assist investigation in any department of

science, literature, or art, and to this end to cooperate with governments,

universities, colleges, technical schools, learned societies, and individuals.

(b) To appoint committees of experts to direct special lines of research.

(c) To publish and distribute documents.

(d) To conduct lectures, hold meetings, and acquire and maintain a library.

(e) To purchase such property, real or personal, and construct such building

or buildings as may be necessary to carry on the work of the corporation.
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(f) In general, to do and perform all things necessary to promote the

objects of the institution, with full power, however, to the trustees hereinafter

appointed and their successors from time to time to modify the conditions and

reflations under which the work shall be carried on, so as to secure the

application of the funds in the manner best adapted to the conditions of the time,

provided that the objects of the corporation shall at all times be among the

foregoing or kindred thereto.

Sec. 3. That the direction and management of the affairs of the corporation

and the control and disposal of its property and funds shall be vested in a board

of trustees, twenty-two in number, to be composed of the following individuals

:

Alexander Agassiz, John S. Billings, John L. Cadwalader, Cleveland H. Dodge,

William N. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry

L. Higginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.

Langley, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,

S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Root,

John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,

who shall constitute the first board of trustees. The board of trustees shall

have power from time to time to increase its membership to not more than

twenty-seven members. Vacancies occasioned by death, resignation, or otherwise

shall be filled by the remaining trustees in such manner as the by-laws shall

prescribe; and the persons so elected shall thereupon become trustees and also

members of the said corporation. The principal place of business of the said

corporation shall be the city of Washington, in the District of Columbia.

Sec. 4. That such board of trustees shall be entitled to take, hold and

administer the securities, funds, and property so transferred by said Andrew

Carnegie to the trustees of the Carnegie Institution and such other funds or

property as may at any time be given, devised, or bequeathed to them, or to such

corporation, for the purposes of the trust ; and with full power from time to time to

adopt a common seal, to appoint such officers, members of the board of trustees or

otherwise, and such employees as may be deemed necessary in carrying on the

business of the corporation, at such salaries or with such remuneration as they may

deem proper; and with full power to adopt by-laws from time to time and such rules

or regulations as may be necessary to secure the safe and convenient transaction

of the business of the corporation ; and with full power and discretion to deal

with and expend the income of the corporation in such manner as in their

judgment will best promote the objects herein set forth and in general to have

and use all powers and authority necessary to promote such objects and carry out

the purposes of the donor. The said trustees shall have further power from time
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to time to hold as investments the securities hereinabove referred to so transferred

by Andrew Carnegie, and any property which has been or may be transferred

to them or such corporation by Andrew Carnegie or by any other person,

persons, or corporation, and to invest any sums or amounts from time to time

in such securities and in such form and manner as are permitted to trustees

or to charitable or literary corporations for investment, according to the laws

of the States of New York, Pennsylvania, or Massachusetts, or in such securities

as are authorized for investment by the said deed of trust so executed by Andrew

Carnegie, or by any deed of gift or last will and testament to be hereafter made

or executed.

Sec. 5. That the said corporation may take and hold any additional

donations, grants, devises, or bequests which may be made in further support of

the purposes of the said corporation, and may include in the expenses thereof

the personal expenses which the trustees may incur in attending meetings or

otherwise in carrying out the business of the trust, but the services of the

trustees as such shall be gratuitous.

Sec. 6. That as soon as may be possible after the passage of this Act a

meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,

John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Root,

and Carroll D. Wright, or any four of them, at the city of Washington, in

the District of Columbia, by notice served in person or by mail addressed to

each trustee at his place of residence; and the said trustees, or a majority

thereof, being assembled, shall organize and proceed to adopt by-laws, to elect

officers and appoint committees, and generally to organize the said corporation;

and said trustees herein named, on behalf of the corporation hereby incorporated,

shall thereupon receive, take over, and enter into possession, custody, and

management of all property, real or personal, of the corporation heretofore known

as the Carnegie Institution, incorporated, as hereinbefore set forth under "An Act

to establish a Code of Law for the District of Columbia, January fourth, nineteen

hundred and two," and to all its rights, contracts, claims, and property of any

kind or nature ; and the several officers of such corporation, or any other person

having charge of any of the securities, funds, real or personal, books or property

thereof, shall, on demand, deliver the same to the said trustees appointed by this

Act or to the persons appointed by them to receive the same; and the trustees

of the existing corporation and the trustees herein named shall and may take

such other steps as shall be necessary to carry out the purposes of this Act.

Sec. 7. That the rights of the creditors of the said existing corporation

known as the Carnegie Institution shall not in any manner be impaired by the



182 CARNEGIE INSTITUTION

passage of this Act, or the transfer of the property hereinbefore mentioned, nor

shall any liability or obligation for the payment of any sums due or to become

due, or any claim or demand, in any manner or for any cause existing against

the said existing corporation, be released or impaired ; but such corporation hereby

incorporated is declared to succeed to the obligations and liabilities and to be held

liable to pay and discharge all of the debts, liabilities, and contracts of the said

corporation so existing to the same effect as if such new corporation had itself

incurred the obligation or liability to pay such debt or damages, and no such action

or proceeding before any court or tribunal shall be deemed to have abated or been

discontinued by reason of the passage of this Act.

Sec. 8. That Congress may from time to time alter, repeal, or modify this

Act of incorporation, but no contract or individual right made or acquired shall

thereby be divested or impaired.

Sec. 9. That this Act shall take effect immediately.

QJ^JL tLt
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President of the Senate pro tempore.



By-Laws of the Institution

Adopted December 13, 1904. Amended December 13, 1910, December 13, 1912, December 10, 1937,

December 15, 1939, December 13, 1940, December 18, 1942, December 12, 1947, December 10, 1954,

October 24, 1957, May 8, 1959, May 13, 1960, May 10, 1963, May 15, 1964, March 6, 1967, May
3, 1968, May 14, 1971, August 31, 1972, May 9, 1974, April 30, 1976, May 1, 1981, May 7, 1982,

May 3, 1985, May 9, 1986, May 15, 1987, May 6, 1988, May 5, 1989, and May 10, 1991.

ARTICLE I

The Trustees

1.1. The Board of Trustees shall consist of up to twenty-seven members as

determined from time to time by the Board.

1.2. The Board of Trustees shall be divided into three classes approximately equal in

number. The terms of the Trustees shall be such that those of the members of one class

expire at the conclusion of each annual meeting of the Board. At each annual meeting of

the Board vacancies resulting from the expiration of Trustees' terms shall be filled by
their re-election or election of their successors. Trustees so re-elected or elected shall serve

for terms of three years expiring at the conclusion of the annual meeting of the Board in

the third year after their election. A vacancy resulting from the resignation, death, or

incapacity of a Trustee before the expiration of his* term may be filled by election of a

successor at or between annual meetings. A person elected to succeed a Trustee before

the expiration of his term shall serve for the remainder of that term unless the Board
determines that assignment to a class other than the predecessor's is appropriate. There

shall be no limit on the number of terms for which a Trustee may serve, and a Trustee

shall be eligible for immediate re-election upon expiration of his term.

1.3. No Trustee shall receive any compensation for his services as such.

1 .4. Trustees shall be elected by vote of two-thirds of the Trustees present at a meeting

of the Board of Trustees at which a quorum is present or without a meeting by written

action of all of the Trustees pursuant to Section 4.6.

1 .5. If, at any time during an emergency period, there be no surviving Trustee capable

of acting, the President, the Director of each existing Department, or such of them as

shall then be surviving and capable of acting, shall constitute a Board of Trustees pro

tern,with full powers under the provisions of the Articles of Incorporation and these

By-Laws. Should neither the President nor any such Director be capable of acting, the

senior surviving Staff Member of each existing Department shall be a Trustee pro tern,

with full powers of a Trustee under the Articles of Incorporation and these By-Laws. It

shall be incumbent on the Trustees pro tern to reconstitute the Board with permanent
members within a reasonable time after the emergency has passed, at which time the

Trustees pro tern shall cease to hold office. A list of Staff Member seniority, as designated

annually by the President, shall be kept in the Institution's records.

1.6. A Trustee who resigns after having served at least six years and having reached

age seventy shall be eligible for designation by the Board of Trustees as a Trustee

*A masculine pronoun as used in these By-Laws shall be deemed to include the

corresponding female pronoun.
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Emeritus. A Trustee Emeritus shall be entitled to attend meetings of the Board but shall

have no vote and shall not be counted for purposes of ascertaining the presence of a

quorum. A Trustee Emeritus may be invited to serve in an advisory capacity on any
committee of the Board except the Executive Committee.

ARTICLE II

Officers of the Board

2.1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and
a Secretary, who shall be elected by the Trustees, from the members of the Board, by
ballot to serve for a term of three years. All vacancies shall be filled by the Board for the

unexpired term; provided, however, that the Executive Committee shall have power to

fill a vacancy in the office of Secretary to serve until the next meeting of the Board of

Trustees.

2.2. The Chairman shall preside at all meetings and shall have the usual powers of

a presiding officer.

2.3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform
the duties of the Chairman.

2.4. The Secretary shall issue notices of meetings of the Board, record its transactions,

and conduct that part of the correspondence relating to the Board and to his duties.

ARTICLE III

Executive Administration

3.1. There shall be a President who shall be elected by ballot by, and hold office

during the pleasure of, the Board, who shall be the chief executive officer of the

Institution. The President, subject to the control of the Board and the Executive

Committee, shall have general charge of all matters of administration and supervision

of all arrangements for research and other work undertaken by the Institution or with

its funds. He shall prepare and submit to the Board of Trustees and to the Executive

Committee plans and suggestions for the work of the Institution, shall conduct its

general correspondence and the correspondence with applicants for grants and with the

special advisors of the Committee, and shall present his recommendations in each case

to the Executive Committee for decision. All proposals and requests for grants shall be
referred to the President for consideration and report. He shall have power to remove,

appoint, and, within the scope of funds made available by the Trustees, provide for

compensation of subordinate employees and to fix the compensation of such employees
with the limits of a maximum rate of compensation to be established from time to time

by the Executive Committee. The President shall be ex officio a member of the Executive

Committee and the Finance Committee.

3.2. The President shall be the legal custodian of the seal and of all property of the

Institution whose custody is not otherwise provided for. He shall sign and execute on
behalf of the corporation all contracts and instruments necessary in authorized

administrative and research matters and affix the corporate seal thereto when necessary,

and may delegate the performance of such acts and other administrative duties in his

absence to other officers. He may execute all other contracts, deeds, and instruments on
behalf of the corporation and affix the seal thereto when expressly authorized by the

Board of Trustees or Executive Committee. He may, within the limits of his own
authorization, delegate to other officers authority to act as custodian of and affix the
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corporate seal. He shall be responsible for the expenditure and disbursement of all funds

of the Institution in accordance with the directions of the Board and of the Executive

Committee, and shall keep accurate accounts of all receipts and disbursements. He shall,

with the assistance of the Directors of the Departments, prepare for presentation to the

Trustees and for publication an annual report on the activities of the Institution.

3.3. The President shall attend all meetings of the Board of Trustees.

3.4. The corporation shall have such other officers as may be appointed by the

Executive Committee, having such duties and powers as may be specified by the

Executive Committee or by the President under authority from the Executive Committee.
3.5. The President shall retire from office at the end of the fiscal year in which he

becomes sixty-five years of age. The corporate officers appointed by the Executive

Committee shall retire, and the Directors of Departments shall retire as Directors, at the

end of the fiscal year in which they become sixty-five years of age, except as otherwise

required by law or as retirement may be deferred by the Executive Committee.

ARTICLE IV

Meetings and Voting

4.1. The annual meeting of the Board of Trustees shall be held in the City of

Washington, in the District of Columbia, in May of each year on a date fixed by the

Executive Committee, or at such other time or such other place as may be designated by
the Executive Committee, or if not so designated prior to May 1 of such year, by the

Chairman of the Board of Trustees, or if he is absent or is unable or refuses to act, by any
Trustee with the written consent of the majority of the Trustees then holding office.

4.2. Special meetings of the Board of Trustees may be called, and the time and place

of meeting designated, by the Chairman, or by the Executive Committee, or by any
Trustee with the written consent of the majority of the Trustees then holding office. Upon
the written request of seven members of the Board, the Chairman shall call a special

meeting.

4.3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address

of such Trustee. Notices of adjourned meetings need not be given except when the

adjournment is for ten days or more.

4.4. The presence of a majority of the Trustees holding office shall constitute a

quorum for the transaction of business at any meeting. An act of the majority of the

Trustees present at a meeting at which a quorum is present shall be the act of the Board
except as otherwise provided in these By-Laws. If, at a duly called meeting, less than a

quorum is present, a majority of those present may adjourn the meeting from time to

time until a quorum is present. Trustees present at a duly called or held meeting at which
a quorum is present may continue to do business until adjournment notwithstanding

the withdrawal of enough Trustees to leave less than a quorum.
4.5. The transactions of any meeting, however called and noticed, shall be as valid

as though carried out at a meeting duly held after regular call and notice, if a quorum is

present and if, either before or after the meeting, each of the Trustees not present in

person signs a written waiver of notice, or consent to the holding of such meeting, or

approval of the minutes thereof. All such waivers, consents, or approvals shall be filed

with the corporate records or made a part of the minutes of the meeting.

4.6. Any action which, under law or these By-Laws, is authorized to be taken at a

meeting of the Board of Trustees or any of the Standing Committees may be taken

without a meeting if authorized in a document or documents in writing signed by all
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the Trustees, or all the members of the Committee, as the case may be, then holding office

and filed with the Secretary.

4.7. During any emergency period the term "Trustees holding office" shall, for

purposes of this Article, mean the surviving members of the Board who have not been
rendered incapable of acting for any reason including diffici Ity of transportation to a

place of meeting or of communication with other surviving members of the Board.

ARTICLE V

Committees

5.1. There shall be the following Standing Committees, viz. an Executive Committee,

a Finance Committee, an Auditing Committee, a Nominating Committee, and an
Employee Benefits Committee.

5.2. All vacancies in the Standing Committees shall be filled by the Board of Trustees

at the next annual meeting of the Board and may be filled at a special meeting of the

Board. A vacancy in the Executive Committee and, upon request of the remaining

members of any other Standing Committee, a vacancy in such other Committee may be

filled by the Executive Committee by temporary appointment to serve until the next

meeting of the Board.

5.3. The terms of all officers and of all members of Committees, as provided for

herein, shall continue until their successors are elected or appointed. The term of any
member of a Committee shall terminate upon termination of his service as a Trustee.

Executive Committee

5.4. The Executive Committee shall consist of the Chairman, Vice-Chairman, and
Secretary of the Board of Trustees, the President of the Institution ex officio, and, in

addition, not less than five or more than eight Trustees to be elected by the Board by
ballot for a term of three years, who shall be eligible for re-election. Any member elected

to fill a vacancy shall serve for the remainder of his predecessor's term. The presence of

four members of the Committee shall constitute a quorum for the transaction of business

at any meeting.

5.5. The Executive Committee shall, when the Board is not in session and has not

given specific directions, have general control of the administration of the affairs of the

corporation and general supervision of all arrangements for administration, research,

and other matters undertaken or promoted by the Institution. It shall also submit to the

Board of Trustees a printed or typewritten report ofeach of its meetings, and at the annual

meeting shall submit to the Board a report for publication.

5.6. The Executive Committee shall have power to authorize the purchase, sale,

exchange or transfer of real estate.

Finance Committee

5.7. The Finance Committee shall consist of not less than five and not more than six

Trustees to be elected by the Board by ballot for a term of three years, who shall be eligible

for re-election, and the President of the Institution ex officio. The presence of three

members of the Committee shall constitute a quorum for the transaction of business at

any meeting.

5.8. The Finance Committee shall have custody of the securities of the Institution

and general charge of its investments and invested funds and shall care for and dispose
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of the same subject to the directions of the Board of Trustees. It shall have power to

authorize the purchase, sale, exchange, or transfer of securities and to delegate this

power. For any retirement or other benefit plan for the staff members and employees of

the Institution, it shall be responsible for supervision of matters relating to investments,

appointment or removal of any investment manager or advisor, reviewing the financial

status and arrangements, and appointment or removal of any plan trustee or insurance

carrier. It shall consider and recommend to the Board from time to time such measures
as in its opinion will promote the financial interests of the Institution and improve the

management of investments under any retirement or other benefit plan. The Committee
shall make a report at the annual meeting of the Board.

Auditing Committee

5.9. The Auditing Committee shall consist of three members to be elected by the

Board of Trustees by ballot for a term of three years.

5.10. Before each annual meeting of the Board of Trustees, the Auditing Committee
shall cause the accounts of the Institution for the preceding fiscal year to be audited by
public accountants. The accountants shall report to the Committee, and the Committee
shall present said report at the ensuing annual meeting of the Board with such
recommendations as the Committee may deem appropriate.

Nominating Committee

5.11. The Nominating Committee shall consist of the Chairman of the Board of

Trustees ex officio and, in addition, three Trustees to be elected by the Board by ballot for

a term of three years, who shall be eligible for re-election, but, after serving for two
consecutive terms, not until after the lapse of one year. Any member elected to fill a

vacancy shall serve for the remainder of his predecessor's term. The Chairman of the

Board shall appoint a member of the Committee as Chairman for a term expiring no later

than the expiration of his term as a member.
5.12. Sixty days prior to an annual meeting of the Board the Nominating Committee

shall notify the Trustees by mail of the vacancies to be filled in the membership of the

Board. Each Trustee may submit nominations for such vacancies. Nominations so

submitted shall be considered by the Nominating Committee, and ten days prior to the

annual meeting the Nominating Committee shall submit to members of the Board by
mail a list of the persons so nominated, with its recommendations for filling existing

vacancies on the Board and its Standing Committees. No other nominations shall be
received by the Board at the annual meeting except with the unanimous consent of the

Trustees present.

Employee Benefits Committee

5.13. The Employee Benefits Committee shall consist of not less than three and not

more than four members to be elected by the Board of Trustees by ballot for a term of

three years, who shall be eligible for re-election, and the Chairman of the Finance

Committee ex officio. Any member elected to fill a vacancy shall serve for the remainder
of his predecessor's term.

5.14. The Employee Benefits Committee shall, subject to the directions of the Board
of Trustees, be responsible for supervision of the activities of the administrator or

administrators of any retirement or other benefit plan for staff members and employees
of the Institution, except that any matter relating to investments or to the appointment
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or removal of any trustee or insurance carrier under any such plan shall be the

responsibility of the Finance Committee. It shall receive reports from the administrator

or administrators of the employee benefit plans with respect to administration, benefit

structure, operation, and funding. It shall consider and recommend to the Board from
time to time such measures as in its opinion will improve such plans and the

administration thereof. The Committee shall submit a report to the Board at the annual

meeting of the Board.

ARTICLE VI

Financial Administration

6.1. No expenditure shall be authorized or made except in pursuance of a previous

appropriation by the Board of Trustees, or as provided in Section 5.8 of these By-Laws.

6.2. The fiscal year of the Institution shall commence on the first day of July in each

year.

6.3. The Executive Committee shall submit to the annual meeting of the Board a full

statement of the finances and work of the Institution for the preceding fiscal year and a

detailed estimate of the expenditures of the succeeding fiscal year.

6.4. The Board of Trustees, at the annual meeting in each year, shall make general

appropriations for the ensuing fiscal year; but nothing contained herein shall prevent

the Board of Trustees from making special appropriations at any meeting.

6.5. The Executive Committee shall have general charge and control of all

appropriations made by the Board. The Committee shall have full authority to allocate

appropriations made by the Board, to reallocate available funds, as needed, and to

transfer balances.

6.6. The securities of the Institution and evidences of property, and funds invested

and to be invested, shall be deposited in such safe depository or in the custody of such

trust company and under such safeguards as the Finance Committee shall designate,

subject to directions of the Board of Trustees. Income of the Institution available for

expenditure shall be deposited in such banks or depositories as may from time to time

be designated by the Executive Committee.

6.7. Any trust company entrusted with the custody of securities by the Finance

Committee may, by resolution of the Board of Trustees, be made Fiscal Agent of the

Institution, upon an agreed compensation, for the transaction of the business coming
within the authority of the Finance Committee.

6.8. The property of the Institution is irrevocably dedicated to charitable purposes,

and in the event of dissolution its property shall be used for and distributed to those

charitable purposes as are specified by the Congress of the United States in the Articles

of Incorporation, Public Law No. 260, approved April 28, 1904, as the same may be

amended from time to time.

ARTICLE VII

Amendment of By-Laws

7.1. These By-Laws may be amended at any annual or special meeting of the Board

of Trustees by a two-thirds vote of the members present, provided written notice of the

proposed amendment shall have been served personally upon, or mailed to the usual

address of, each member of the Board twenty days prior to the meeting.
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